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1. Introduction

Flexible pressure sensors have been con-
ceived as promising technologies for appli-
cations in wearables,[1] healthcare,[2] and 
human–machine interaction[3] due to their 
capabilities to sense external mechanical 
stimuli in a reproducible and sensitive 
manner.[4] A piezoresistive pressure sensor 
consisting of a flexible conductive material 
and a compatible substrate enables the 
transduction of mechanical stimuli to cur-
rent/resistance signals.[5,6] While piezore-
sistive pressure sensor often exhibits the 
advantages of simple assembly and low-
energy consumption, the resolution over 
a broad pressure range has yet to be sat-
isfactory because of sensing saturation.[7,8] 
In addition, conventional piezoresistive 
pressure sensors often employ semicon-
ducting active layers that are low fatigue-
resistant and incompressible, resulting 
in unsustainable durability and narrow 
sensing ranges.[9–11]

Engineering semiconducting elastic 
aerogels as the active layer has proven to be 
an effective technique to improve mechan-

ical flexibility and responsive range.[12–14] These aerogels are 
fabricated by a wide variety of building blocks such as carbon 
nanotubes,[15] reduced graphene sheets,[16] and conducting 
polymers.[17,18] Conducting polymers-based aerogel sensors has 
shown great potential due to their intrinsic mechanical soft-
ness and electrical conductivity.[19,20] Nevertheless, the respon-
sive sensitivity of these sensors at ultralow pressures requires 
further improvement for effectively detecting human–machine 
interaction.[21,22] To this end, employing polymer hollow nano-
structures may offer opportunities for improving electrome-
chanical performance owing to the continuous buckling of 
hollow structures under applied stress.[22,23] However, their 
extended application in sensing has been inhibited by multi-
step processing and stringent synthesis requirements (such as 
high-temperature calcination and harsh chemical etching).[24] 
Also, the irreconcilable compromise between high sensitivity in 
the low-pressure region (<1 kPa) and a broad sensing range has 
yet to be satisfactory due to their mechanical structure insta-
bility and damage under extreme pressures.

Achieving high sensitivity over a broad pressure range remains a great chal-
lenge in designing piezoresistive pressure sensors due to the irreconcilable 
requirements in structural deformability against extremely high pressures 
and piezoresistive sensitivity to very low pressures. This work proposes 
a hybrid aerogel/hydrogel sensor by integrating a nanotube structured 
polypyrrole aerogel with a polyacrylamide (PAAm) hydrogel. The aerogel 
is composed of durable twined polypyrrole nanotubes fabricated through 
a sacrificial templating approach. Its electromechanical performance can 
be regulated by controlling the thickness of the tube shell. A thicker shell 
enhances the charge mobility between tube walls and thus expedites current 
responses, making it highly sensitive in detecting low pressure. Moreover, 
a nucleotide-doped PAAm hydrogel with a reversible noncovalent interac-
tion network is harnessed as the flexible substrate to assemble the aerogel/
hydrogel hybrid sensor and overcome sensing saturation under extreme 
pressures. This highly stretchable and self-healable hybrid polymer sensor 
exhibits linear response with high sensitivity (Smin > 1.1 kPa−1), ultrabroad 
sensing range (0.12–≈400 kPa), and stable sensing performance over 
10 000 cycles at the pressure of 150 kPa, making it an ideal sensing device 
to monitor pressures from human physiological signals to significant stress 
exerted by vehicles.
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Employing elastic substrates such as polydimethylsiloxane 
(PDMS) and polyimide could improve mechanical flexibility 
and sensing range of the aerogel-based sensor.[5,9,25] How-
ever, these substrate materials always exhibit limited conduct-
ance and nonhealable behavior, impeding their contribution 
to electrical sensitivity and decreasing resistance to incidental 
mechanical damage.[26,27] Polymeric hydrogels are promising 
candidates as flexible substrates.[28,29] By forming ionotropy and 
supermolecule at the dielectric/electric interface, their mechan-
ical stretchability and self-healing behavior can greatly improve 
the reproducibility of the sensing performance.[30] Nonetheless, 
hydrogels often show low sensitivity toward extremely low pres-
sures because of their intrinsic large electrical resistance.

Herein, we report the fabrication of a hybrid structured aerogel/
hydrogel pressure sensor that manifests a linear response with 
high sensitivity (Smin > 1.1 kPa−1), ultrabroad sensing range (0.12–
≈400  kPa), and stable sensing performance over 10  000 cycles 
at the pressure of 150  kPa. The key component of this unique 
design is an aerogel of polypyrrole nanotubes which exhibit supe-
rior sensing performance to that of conventional globular struc-
tured aerogels by eliminating weak necklace-like connection of 
polypyrrole particles upon compression and stretching.[14,18] This 
aerogel can be conveniently synthesized by polymerizing pyrrole 
against sacrificial templates of copper nanowires (CuNWs), which 
are simultaneously removed by the acid generated during pyrrole 
polymerization. Combining the as-designed aerogel with a poly-
acrylamide (PAAm) hydrogel produces a hybrid-structured flex-
ible sensor capable of monitoring pressure change over a wide 
range, from human physiological signals of weak pulse wave to 
extremely large stress imposed by vehicles.

2. Results and Discussions

The nanotube-structured aerogel was prepared via a sacrificial 
templated polymerization approach, as illustrated in Figure 1a. 

The oxidative polymerization of Py monomers was initiated 
by the catalyst copper(II) nitrate (Cu(NO3)2), depositing a PPy 
layer on the surface of CuNWs.[18,31] The polymerization reac-
tion released protons (pH measured to be ≈2) which eventually 
etched the CuNW templates, leaving behind cross-linked PPy 
nanotubes.[32] Through first-principal density-functional theory 
(DFT) simulation, we found that Py molecules have a high 
affinity to the Cu surface. Figure  1b,c illustrates the top view 
and side view of the Py, ethanol, and water molecules adsorbed 
on the Cu matrix. As shown in Figure 1d, more electrons dis-
tribute between the Py molecule and Cu matrix than water and 
ethanol molecules. As shown in Figure S3, Supporting Infor-
mation, the calculated density of state of Cu–Py is similar to 
that of pristine Cu, suggesting strong adsorption of Py on the 
Cu surface.[33,34] The adsorption energy between the Cu matrix 
and Py is negative and less (ΔECu–Py  =  −1.597  eV) than that 
of water (ΔECu–water  =  −0.827  eV) and ethanol (ΔECu–ethanol  = 
−0.990 eV), indicating that the formation of Cu–Py intermediate 
compound is a spontaneous and favorable process.[34] This pro-
cess is conducive to the polymerization of Py monomers on the 
surface of the CuNWs. The sacrificial templating role of CuNW 
is evidenced by the morphology evolution observed by TEM, 
as shown in Figure  1e. With the inner CuNW being etched 
during Py polymerization, void spaces developed progressively, 
resulting in the nanotube formation. It is worth noting that the 
sacrificial templated method could directly construct nanotubes 
without the need for additional steps of template removal.

As shown in Figure  2a and the inset, adjacent nanotubes 
are bonded to form the monolithic aerogel during PPy polym-
erization. Figure 2b,c confirms that the nanotubes are uniform 
hollow structures with a single crystalline wall, suggesting the 
dissolution of CuNWs.[35] The TEM elemental mapping of the 
nanotube is shown in Figure 2d–f. The strong signals of carbon 
and copper and the weak nitrogen signal indicate that nanotube 
is composed of PPy and Cu clusters. The etching of the CuNW 
template was further confirmed by XRD analysis (Figure S4, 

Figure 1. The sacrificial templated fabrication of PPy nanotubes. a) Schematic illustration showing the formation of nanotubes through polymerization 
of Py on the surface of CuNWs. b) Top view and c) side view of the Py, ethanol, and water molecule on Cu matrix. d) The slices of charge densities for 
Py, ethanol, and water molecule on Cu matrix. e) Morphology evolution of PPy nanotubes during its polymerization on the surface of sacrificial CuNWs.
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Supporting Information), in which the intensity of the charac-
teristic peak of Cu diminished accordingly during polymeriza-
tion. The inner diameters of nanotubes can be controlled from 
173 to 22 nm (Figure 2g–i) by increasing Py contents from 1.2 
to 18.2 mmol with the density of aerogels varying from 5.9 to 
21.2 mg cm−3.

The compression-recovery performance of aerogel samples 
was summarized in Figure 3a and recorded in Video S1, Sup-
porting Information. All aerogel samples display hysteresis 
loops, indicating their ability to recover after compression 
(Figure S5, Supporting Information). With its smallest inner 
diameter among all samples, AG-3 can sustain the highest 
stress and exhibits the smallest loop, suggesting its advantage 
for constructing aerogel with better mechanical robustness 
in terms of elasticity and compressibility.[36] Therefore, cyclic 
compression-recovery tests were further carried out on AG-3. 
As shown in Figure 3b, after 5 × 105 cycles of tests at 40% com-
pressive strain, AG-3 still maintains 91.2% residual stress and 
only shows 5.2% permanent deformation. Moreover, even after 
compression for 104 cycles at a strain of 80%, AG-3 still showed 
great compressibility and maximum tolerable stress (37.1  kPa) 
(Figure  3c). The elastic nanofibrous microstructure endows 
aerogel with excellent mechanical performance during repeated 
compression-recovery tests. Morphological evolution was 
observed by scanning electron microscope (SEM) (Figure S6, 

Supporting Information), further revealing that the microstruc-
ture densified and the bonded tubes deformed slightly during 
the compression but could recover almost completely from the 
deformation. No fracture or structural collapse of the nano-
tubes was observed, demonstrating structural robustness and 
stability. A nonlinear finite element model (FEM) simulation 
was used to illustrate the elastic behavior of AG-3. As shown 
in Figure 3d and Figure S7, Supporting Information, the finite 
element network model was designed based on the filamen-
tous interconnected 3D microstructure of AG-3. This model is 
composed of hundreds of junctions among polypyrrole tubes 
that function as elastic units during mechanical analysis. 
The detailed simulation procedures were summarized in the 
Section S1, Supporting Information. As shown in Figure 3e, the 
simulations reveal that the AG-3 could endure large geometric 
deformation during compression and recovery. When subjected 
to loading, the interconnected tubes ensure connectivity within 
the filamentous network, resulting in an overall response of the 
structure. As the compression displacement increases, strain 
localization and percolation are developed on these intercon-
nected tubes, which finally merge into multiple densification 
regions. The strain energy is stored in the densified region 
of the interconnected network structure. The deformed tubes 
and junctions spring back to the original state upon recovery, 
meanwhile releasing the stored strain energy. Reproducibility 

Figure 2. Morphology of aerogel and control of inner diameters of the nanotubes. a) SEM image of nanotube-structured aerogel. b) TEM image of 
nanotube-structured aerogel. c) Magnified TEM image of the nanotube. The inset shows the high-resolution TEM image of the tube wall. d–f) The 
energy-dispersive X-ray spectroscopy (EDS) elemental mapping of C (d), Cu (e), and N (f) in a single nanotube. g–i) TEM images of AG-1 (g), AG-2 
(h), and AG-3 (i).
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is highly desirable for pressure sensors, especially against the 
temperature variation, which may change the contact distance 
between the conductive paths. As shown in Figures S8 and 
S9, Supporting Information, AG-3 could maintain thermal sta-
bility within a wide temperature range (−50–≈300  °C) thanks 
to the hollow structure, which has been proved as an effective 
way to reduce thermal stress.[22] The TGA measurement fur-
ther confirms the better stability of the nanotube-structured 
aerogel than the conventional one with a globular structure 
(Figures S10 and S11, Supporting Information).

The sensing performance of AG-3 was further evaluated 
by measuring its electronic properties upon loading and 
unloading. As shown in Figure  3f, AG-3 shows a conduct-
ance of 19.9  S  cm−1 and immediate response as pressure 
increases from 90  Pa to 5.07  kPa, making it superior to the 
commercial thin-film pressure sensor (Figure S12, Supporting 
Information) and the reported PPy nanotubes.[37] The sta-
bility of sensing performance was evaluated by the degree 
of hysteresis (DH), which is the area (A) difference between 

loading (Aloading) and unloading (Aunloading).[38] As shown in 
Figure  S13a–c, Supporting Information, the DH values of 
sensor are calculated to be 1.98% (at the pressure of 0.53 kPa), 
2.01% (2.06  kPa), and 2.17% (5.07  kPa), respectively. The 
sensor maintained its stable sensing performance with the 
DH values around 2% (Figure S13d, Supporting Information), 
suggesting that it reached the steady-state at different pres-
sures.[39] A repeated loading/unloading test over 1 × 104 cycles 
with a peak pressure of 10  kPa was performed. AG-3 exhib-
ited small hysteresis and reliable input–output relation during 
the cyclic tests, as shown in Figure  3g and Figure S14, Sup-
porting Information. The sensitivity of a pressure sensor is 
defined as S  =  |ΔR/R0|/ΔP, where ΔR is the relative resist-
ance change, R0 is the initial resistance without loading, and 
ΔP is the change of the applied pressure (P), respectively. As 
shown in Figure S15, Supporting Information, the sensitivity 
of AG-3 is calculated to be 9.2  kPa−1, which are better than 
those of AG-1 (1.1 kPa−1) and AG-2 (3.9 kPa−1). The thicker PPy 
shells and smaller inner diameters decreased the void size of 

Figure 3. Mechanical and piezoresistive performance of nanotube-structured aerogels. a) Stress–strain performance of aerogels. b) Compressibility 
and fatigue resistance of AG-3 (5 × 105 cycles at 40% strain). c) Compression-recovery performance of AG-3 at 80% strain. d) Schematic diagram of the 
Abaqus simulation model: AG compressed between two rigid blocks. e) Structural deformations of AG in a compression-release cycle via a nonlinear 
FEM simulation. f) Resistance changes of AG-3 under different applied pressures. g) Durability test of the AG-3 at 10 kPa over 104 cycles. The red region 
is the magnified plot. h) Schematic illustration of the pressure-sensitive mechanism of AG upon pressure and recovery.
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the nanotubes, yielding higher electron mobility along tubes 
(Figure 3h) and, therefore, the higher sensitivity of aerogel,[40] 
as confirmed by the decreased conductance resistance shown 
in Figure S16, Supporting Information.

Although the aerogel exhibits high sensitivity toward the 
low-pressure regime (< 10  kPa), its performance under high 
pressures needs to be improved. To broaden the sensing range, 
we further encapsulated the aerogel into a hydrogel to produce 
a hybrid sensor. In this design, the aerogel functions as a con-
ductive element (Figure 4a), while the nucleotide-doped PAAm 
hydrogel provides high stretchability and rapid recoverability 
via reversible noncovalent interaction caused by hydrogen 
bonding.[28,41] As shown in Figure  4b,c, the aerogel/hydrogel 
hybrid film can be stretched and twisted. Figure  4d further 
shows that our aerogel/hydrogel hybrid could achieve a frac-
ture strength of 400  kPa at 580% strain in deformation rates 
from 0.07 to 0.38  s−1. The stretch-recovery test of the sensor 
was further performed at the strain of 100%. Figure 4e shows 
that the hysteresis loops overlapped almost entirely from the 
1st to the 1000th cycle, indicating its excellent antifatigue prop-
erties. We characterized the sensor response for various tor-
sion angles to assess how the hybrid material performs under 

different torsion states. As shown in Figure S17, Supporting 
Information, the aerogel/hydrogel maintained high linearity: 
R2 > 0.98 under torsion angles from 0° to 20°. The linear gauge 
factor of aerogel/hydrogel was measured to be 11.5, which is 
higher than the values of reported pressure sensors.[7,41–43]

Flexible pressure sensors may inevitably be damaged by 
scratches, creases, and cracks in practical applications (e.g., 
friction, collision, and bending). These damages deteriorate 
the mechanical and electrical performance of sensors, short-
ening their service life.[10,44] Our hybrid sensor exhibits excel-
lent self-healing capability. As shown in Figure 4f,g, when the 
hybrid sensor was cut into two pieces by a scissor and then 
brought together, self-healing began immediately at room 
temperature and was completed within an hour (Video S2, 
Supporting Information). Meanwhile, the sensor showed a 
continuous decrease in the resistance, suggesting the gradual 
recovering of the conductive pathway (Figure S18, Supporting 
Information). The tensile mechanical test of the self-healing 
sample was also performed. As shown in Figure 4h, the self-
healing sample shows similarly high stretchability beyond 
600% compared to the original sample. The self-healing pro-
cess of the hybrid sensor was achieved through hydrogen 

Figure 4. The mechanical and piezoresistive performance of the aerogel/hydrogel hybrid films. a) Schematic preparation of aerogel/hydrogel hybrid. 
b,c) Optical images of an aerogel/hydrogel film after being stretched into a cuboid shape (b) or twisted into a spiral shape (c). d) Tensile mechanical 
test of the aerogel/hydrogel film at different strain rates. e) Cyclic stretching–relaxation tests of the aerogel/hydrogel film. f) The self-healing per-
formance of aerogel/hydrogel hybrids. g) The self-healing process of the aerogel/hydrogel film observed under an optical microscope. h) Tensile 
mechanical test of the original and self-healed film.
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bonding between PPy tubes and amino and hydroxyl groups 
on the cross-linker of the hydrogel.[5,27,45] As a comparison, the 
aerogel was also encapsulated in PDMS to form an aerogel/
PDMS composite, which, however, cannot recover to its 
original state after enduring similar damage (Figure S19, Sup-
porting Information).

The sensitivity of the hybrid sensor was tested under different 
pressures. As shown in Figure 5a and Figure S20, Supporting 
Information, the hybrid sensor exhibits high sensitivity over a 
wide pressure range. The average sensitivity is S1  ≈  1.1  kPa−1 
when the pressure is below 140 kPa and S2 ≈  1.9 kPa−1 within 
the pressure range of 140–≈350  kPa. In the high-pressure 
regime (>350 kPa), the sensor exhibits a nearly linear response 
with a sensitivity of S3  ≈  2.9  kPa−1 up to 400  kPa. The sensi-
tivities are doubled when the applied pressure exceeds 350 kPa. 
This phenomenon was caused by the continuous deformation 
of the hybrid sensor under high compressive strain and simul-
taneously generated positive piezoresistive performance.[41,46] 
In addition, the minimal detectable pressure of our hybrid 
sensor was investigated. As shown in Figure 5b, it can respond 
to pressure as low as 122 Pa, which implies our sensor is suf-
ficiently sensitive to detect human physiological signals such 
as typical pulses generated by jugular vein (2  kPa) or radial 
artery (4 kPa).[47] When evaluating its dynamic response, a pres-
sure of 60 kPa was applied on the hybrid sensor, followed by a 
quick release. Our sensor displayed a 17-ms response and 9-ms 
relaxation time (Figure 5c), comparable to piezoresistive pres-
sure sensors.[5,6,12,20,43,48] Repeated compression/release test 
over 10 000 cycles with a pressure of 300 kPa was performed, 
and the sensor exhibits almost no signal drift or fluctuation and 
negligible hysteresis during the cyclic tests (Figure 5d). We also 
investigated the flexibility of the sensor by testing its response 

under bending–unbending cycles. Figure 5e suggests that our 
sensor maintains remarkable mechanical robustness without 
noticeable fatigue after 10 000 bending/unbending cycles with 
a bending angle of 90°. Furthermore, as shown in Figure 6a,b, 
the assembled sensor was placed on the ground and run over 
by a car. Figure 6c,d indicates that the hybrid sensor can sustain 
the large mechanical deformations caused by the car run-over 
and simultaneously provide stable resistance outputs. These 
results confirm the sensor’s high sensitivity and stable perfor-
mance over an ultrabroad pressure range.

With its high sensitivity at both low- and high-pressure 
loadings, our hybrid sensor represents a smart wearable plat-
form for detecting both static and dynamic human motions. 
As shown in Figure 7a, the hybrid sensor was connected to a 
single-chip microcomputer (SCM), which converts external 
pressure stimulus into digital electrical signals based on Wheat-
stone bridges. The incorporated Bluetooth module enables 
wireless communication so one can receive real-time feedback 
on a mobile phone. To this end, we performed the detection of 
human physiological signals and body motions by attaching the 
sensor to different parts of a volunteer’s body (Figure 7b).

As the most important and subtle human physiological 
signal, the pulse is often regarded as a critical vital sign to 
assess a person’s physical and mental state. As shown in 
Figure 7c, the hybrid sensor attached to the radial artery of a 
volunteer’s wrist could measure real-time pulse signals with 
regular and repeatable shape, indicating the frequency of 
60  beats  min−1. Additionally, a typical wrist pulse waveform 
was extracted with three characteristic peaks containing “P” 
(percussion wave), “T” (tidal wave), and “D” (diastolic wave) 
in Figure  7d, which were ascribed to the systolic and dias-
tolic blood pressure, the ventricular pressure, and the heart 

Figure 5. Sensing properties of the aerogel/hydrogel hybrid film. a) Relative change in the resistance of hybrid film over the pressure range (0.12–
400 kPa). b) Real-time resistance response of the hybrid sensor under 122 Pa. c) Transient response for a loading and unloading cycle suggesting 
response (17 ms) and relaxation (9 ms) times. d) Working stability tested over 10 000 cycles under a pressure of 150 kPa. e) Bending responses over 
10 000 cycles at a bending angle of ≈90°.
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rate.[49] Respiration is another type of weak physiological 
signal that is challenging for a wearable sensor to detect. As 
shown in Figure  7e, a hybrid sensor placed on the vent of a 
conventional mask could clearly respond to the resistance 
change during repeated breathing. Besides, our sensor could 
detect an ascending and a descending signal caused by inhala-
tion and exhalation, even in a rapid state. Voice recognition 
(Figure  7f ) was also demonstrated by conformably attaching 
the hybrid sensor onto the throat to distinguish words, such 
as “P [pi:],” “P,” and “Y [wai].” As shown in Figure 7g, subtle 
current signals induced by blinking could also be collected by 
mounting a hybrid sensor on the eyelid. Moreover, the differ-
ences in frequency and amplitude between normal blinking 
and fast blinking could also be distinguished. The sensor 
could also track small bending movements of major joints, 
such as knuckle and sole. As shown in Figure 7h, when fixed 
on the lateral knuckle of the index finger, the sensor was able 
to record the current response under the bending–releasing 
cycles, with the bending angle from 45° to 90°. Similar motion 
detection of the knee was realized by adhering the sensor on 
a joint, as shown in Figure 7i. The signal of resistance change 
was smooth and reproducible, confirming the hybrid sensor’s 
excellent stability and reliability. Furthermore, we attached 
the hybrid sensor onto a sole and observed periodic resist-
ance peaks generated by walking (Figure  7j), suggesting its 
potential for evaluating and monitoring exercise behavior and 
intensity. The sensing performance of the hybrid sensor after 

self-healing was evaluated and summarized in Figure S21, 
Supporting Information. The result shows that minimal vari-
ation in current was observed in the self-healed samples from 
small-strain pulse to large-strain leg swing, confirming the 
self-healed sensor’s stable sensing performance.

3. Conclusion

We have developed a sacrificial templating approach for syn-
thesizing PPy nanotubes with tunable inner diameters and fur-
ther demonstrated their use as building blocks for constructing 
aerogels with unique mechanical properties. With 91.2% 
stress remaining and only 5.2% permanent deformation after 
5  ×  105 cycles of compression tests, the as-designed aerogels 
show high fatigue resistance and stable piezoresistive perfor-
mance. By encapsulating the PPy aerogel in a PAAm hydrogel, 
we further fabricated a hybrid-structured sensor with excellent 
performance, including high stretchability, self-healing prop-
erty, high linear sensitivity (Smin > 1.1 kPa−1), ultrabroad sensing 
range (0.12–≈400 kPa). The high sensitivity and the ultrabroad 
sensing range have been confirmed for sensing subtle pres-
sure resulting from physiological activities (e.g., human pulse) 
to extremely high pressure exerted by a car. Such an aerogel/
hydrogel hybrid design opens up a new pathway to fabricating 
flexible pressure sensors with high sensitivity and ultrabroad 
sensing range for wearable devices.

Figure 6. Demonstration of hybrid sensor resilience to high loadings. a) Schematic illustration of the assembled sensor. b) Photo showing the sensor 
being run over by a car. c) Real-time resistance response of the sensor to car movements. d) Relative change of resistance of the sensor to the first 
cycle of forward and backward movements.
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4. Experimental Section
Materials and Reagents: Cu(NO3)2 (99.5  wt%), sodium hydroxide 

(NaOH, 99.5  wt%), ethylenediamine (EDA, 99.5 wt%), hydrazine 
solution (N2H4, 35 wt% in H2O), ethanol (C2H5OH, 99.5 wt%), sodium 
chloride (NaCl, 99.5  wt%), acrylamide (AAm, 99  wt%), hexadecyl 
methacrylate (HMA, 95 wt%), N,N,N′,N′-tetramethylethylenediamine 
(TMEDA, 97 wt%), and potassium persulfate (KPS, 99.5%) were 
purchased from Sinopharm chemical reagent Co., Ltd. Pyrrole (C4H5N, 
Py), cetyltrimethylammonium bromide (CTMAB, 99.5 wt%), and 
5′-adenosine monophosphate (AMP, 98 wt%) were obtained from 

Sigma-Aldrich. All the reagents and chemicals were used as received. 
Milli-Q water (18 MΩ cm−1) was used throughout the experiments.

Characterization and Measurement: The morphology of aerogel 
was observed using a SEM (JSM-7900F, JEOL) under an accelerating 
voltage of 5.0 kV. The morphology of aerogel/hydrogel hybrid materials 
was investigated using an optical microscope (OLYMPUS, CX23). An 
X-ray powder diffractometer (XRD, X-6000, Shimadzu, Cu Kα radiation) 
was used to measure samples’ phase purity and crystallization degree. 
Thermogravimetric analyses were measured using a Thermo Scientific 
analyzer (TGA/DSC 3+, Mettler Toledo) in a nitrogen atmosphere 
with a heating rate of 10 °C min−1. The stress (σ)–strain (ε) curves of 

Figure 7. Whole-body monitoring of physiological signal and joint movement. a) Experimental setup of the sensing device consists of a complete signal 
processing and command output system based on SCM, with Bluetooth wireless communication technique incorporated to record the signal response 
on the mobile phone. b) Schematic illustration of a human body model with the detected parts marked with solid red circles. c) Real-time monitoring 
of the radial artery pulse by attaching the hybrid sensor to the wrist. d) One complete radial artery pulse waveform enlarged from (c). e) Normal oral 
breathing state monitoring by integrating a hybrid sensor on a dust mask. f) Sound and speech pattern recognition by mounting the hybrid sensor on 
a volunteer’s throat to detect his vocal cord vibrations. g) Monitoring of blinking behaviors by attaching a hybrid sensor on the eyelid. h) Detection of 
the finger bending angles by attaching a hybrid sensor to the knuckle. i) Detection of the leg swing by attaching a hybrid sensor to the knee. j) Detec-
tion of the foot motions by attaching a hybrid sensor to the sole.
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aerogel were measured by digital force gauge (ZQ-790, ZQ). Real-time 
current–time (I–t) and resistance–time (R–t) responsive performance 
of as-made materials were measured using an electrochemical 
workstation (CHI 760E). The constant input voltage of 5 V was applied 
to the flexible pressure sensor. During the high-loading test, the real-
time resistance response of the sensory device to car movements was 
measured and reordered by a portable multimeter (OWON, B35T+) 
outdoors.

Density Functional Theory Analysis: The adsorption energies of three 
molecules (water, ethanol, and Py) onto the copper (Cu) matrix were 
simulated using Material Studio software. The first-principles calculation 
was performed in a spin-polarized framework with the DMOL3 
package.[33] The framework included the Perdew–Burke–Ernzerhof 
generalized gradient approximation for an exchange-correlation term, 
and the double numerical plus polarization basis set together with the 
dispersion correction for an accurate description.[34] The adsorption 
energies were obtained using Grimme’s empirical dispersion-corrected 
DFT. Brillouin zone was sampled by the Monkhorst–Pack shrinking 
factor (5 × 5 × 1).[34] The global orbital cutoff (4.9 Å) was set in the spin-
unrestricted calculation. In this work, the convergence tolerance energy, 
the maximum force, and the maximum displacement were sampled by 
1.0 × 10−5 Ha (1 Ha = 27.211 eV), 0.002 Ha Å−1, and 0.005 Å, respectively. 
In the z-axial direction (25  Å), the vacuum region was set to avoid 
interactions between adjacent atomic layers.

The adsorption energy (Ead) of adsorbates on substrates was defined 
as follows,

E E E E= − −ad adsorbate/substrate adsorbate substrate  (1)

where Eadsorbate/substrate, Eadsorbate, and Esubstrate were denoted as total 
energies of the adsorbed species on substrates, isolated adsorbate, 
and the substrate, respectively. The negative value of Ead indicated a 
spontaneous adsorption process.

Preparation of Copper Nanowires: CuNWs were prepared based on the 
authors’ previously reported work.[50] In a typical process, the copper 
(II) mixture was prepared by dissolving Cu(NO3)2 (2.93 mmol, 0.55 g), 
NaOH (3.6 mmol, 144 g), and EDA (3.5 mL) in deionized water (50 mL). 
N2H4·H2O (0.6 mL) was injected into the mixture, and further heated at 
85 °C for 1 h under stirring. The obtained CuNWs (Figure S2, Supporting 
Information) were washed by deionized water and dispersed in ethanol 
for further use.

Preparation of Nanotube Aerogels: To prepare nanotube-structured 
aerogels, CuNWs were adopted as the hard sacrificial templates. First, 
CuNWs were dispersed into an H2O/ethanol (v/v 1:1) mixture in a glass 
vial with a concentration of 5 mg ml−1. Next, Py monomers (3.64 mmol, 
0.24 g) and Cu(NO3)2 (3.64 mmol, 0.68 g) were added to the mixture. 
The mixture was vigorously stirred for 1  min and solidified to gel in 
2  h. The obtained gel was purified by sequential immersion in excess 
ethanol/water and was frozen at −10 °C for 12 h. Finally, the frozen gels 
were converted into aerogels via a 48 h freeze-drying process (−50  °C, 
10  Pa). Three kinds of nanotube-structured aerogels were prepared by 
adjusting the Py contents (0.1, 0.25, and 0.5 mL) and denoted as AG-1, 
AG-2, and AG-3, respectively.

Fabrication of Aerogel/Hydrogel Hybrids: First, a certain amount 
of NaOH (0.04  mmol,1.6  mg), NaCl (1.35  mmol, 0.078  g), CTMAB 
(2.20 mmol, 0.83 g) and HMA (0.14 mmol, 0.043 g) were dissolved into 
deionized water (5  mL) under stirring at 40  °C for 2  h. Subsequently, 
AMP (0.86 mmol, 0.29 g) and AAm (28 mmol, 1.9 g) were added into 
the above solution to form a transparent solution under stirring at 
70 °C. Then, the above solution was cooled down to room temperature. 
TMEDA (40  µL) and KPS (0.07  mmol, 0.02  g) were then added into 
the above solution, in which monolithic nanotube-structured aerogel 
was presoaked in a plastic tube for 30 min. After that, the composites 
were quickly transferred to a cubic polytetrafluoroethylene mold 
(4 × 4 × 1 cm3) for 12 h. Finally, the as-prepared hybrids were tailored into 
desired patterns for further sensing tests. During resolution and high 
loading tests, the aerogel/hydrogel materials were sandwiched between 
a piece of polyimide film and an interdigital electrode.

Informed written consent was obtained from the participants on 
physiological sensing. Prior to the research, approval was obtained 
by the Ethical Committee of the China University of Petroleum (East 
China).
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