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A B S T R A C T   

Machine-learning-assisted human activity and gesture recognition are valuable for human-computer interaction, 
and data acquisition often necessitates high-performance sensors. Here, inspired by spider web and bat wing 
airflow sensing system, polyimide fiber (PIF)/carbon black (CB) composite fiber aerogel (CFA) pressure sensor 
with biomimetic hair-Merkel cell sensitive unit was developed, exhibiting ultralow detection limit (2 Pa), high 
pressure sensitivity (S=23.1 kPa-1), wide linear detection capacity up to 67.61 kPa, and fast response/recovery 
time (140/100 ms). Thanks to the excellent mechanical property and environmental tolerance of CFA, it also 
possesses excellent low fatigue over >4000 cycles and good durability even at extreme high-temperature (200 
◦C) and underwater conditions. The superior signal data of the sensor, combined with the Convolutional Neural 
Network machine learning algorithm, achieves ultra-high prediction accuracies of 96.73% and 98.26% for 
human activity and gesture recognition, respectively. Additionally, CFA also has amazing thermal management 
properties, making it to be an ideal candidate for wearable electronics with excellent wearing comfort and safety.   

1. Introduction 

Accurate recognition of human activity and gestures can enable 
seamless human-computer interaction for device control and healthcare 
systems [1–6]. This interaction can be automated using simple and 
efficient convolutional neural network (CNN) machine learning algo-
rithms to recognize motion models [7–11]. In order to improve identi-
fication accuracy, data acquisition usually requires a combination of 
sensors with excellent performance. Piezoresistive pressure sensors that 
convert external mechanical compression into resistance sensing signal 
are currently considered to be the most promising technology owing to 
their advantages of simple preparation, rich raw materials, and easy 
signal processing [12–15]. Actually, pressure detection often necessi-
tates the use of pressure sensors with both high sensitivities to minimize 
the interference from noisy signals and wide linear sensing range to 
enhance their applicability in different working environments, which is 
still a great challenge for the design and preparation of 
high-performance piezoresistive pressure sensors [16,17]. 

Mechanotransduction is ubiquitous in biological systems, where the 
bioreceptors often have the typical structures optimized for extremely 
high sensitivity [18,19]. Thus, introducing the biological structures for 
the design of pressure sensor turns to be a promising approach to 
improve the sensing performance, and enormous progress has been 
achieved in previous research [14,20–23]. Kang et al. mimicked the 
surface topology of spider’s sensory system and constructed an ultra-
sensitive strain sensor (GF~2000) by introducing a crack structure in a 
conductive thin film, thus realizing the real-time monitoring of various 
physiological activities of the human body [24]. Zhou et al. developed a 
highly sensitive adaptive graphene/single-walled nanotube-Ecoflex 
membrane (GSEM) airflow sensor with an ultra-low airflow velocity 
detection limit of 0.0176 m s-1, which is mainly ascribed to the con-
structed reversible microspring effect inspired by the airflow receptor 
(hair-Merkel cell) within the bat wing membrane [25]. Additionally, our 
previous research reported a conductive composite fiber aerogel (CFA) 
pressure sensor with the spider web-like structure, which is helpful for 
excellent linear sensing behavior across the entire detection range 
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(0.01–53.34 kPa), and the intrinsic sensing mechanism of the bio-
mimetic structure was also verified through finite element simulation 
analysis and equivalent circuit model calculations [26]. 

In this article, we proposed an accurate human activity and gesture 
recognition system utilizing a high-performance pressure sensor and 
CNN machine learning algorithms. Specifically, spider web-like 
conductive polyimide fiber (PIF)/carbon black (CB) composite fiber 
aerogel (CFA) pressure sensor with biomimetic hair-Merkel cell sensitive 
unit was prepared, exhibiting decent performances of low detection 
limit (2 Pa), high pressure sensitivity (23.1 kPa-1), wide linear detection 
range (up to 67.61 kPa), fast response and recovery time (140/100 ms), 
and exceptional long-term durability (4000 cycles). With CNN machine 
learning algorithms assistance, exceptionally high prediction accuracies 
of 96.73% and 98.26% for human activity and gesture are respectively 
attained. Notably, due to the phenomenon of "motion spillover," fingers 
are susceptible to tendon crosstalk in a relatively small number of 
flexions that results in uncontrolled flexion of adjacent fingers, leading 
to signal interference between different fingers. Even so, our resultant 
pressure sensor can still achieve a prediction accuracy of 95.98% for 
different gestures. In addition, the sensor also possesses great potentials 
in haptic interfaces, i.e., human-machine interaction, intelligent grip-
ping, and electronic scale. Importantly, owing the excellent applicability 
in extreme environments and good thermal management capacity of the 
sensor, our work will undoubtly contribute to the further development 
of smart wearable devices that can ensure the comfort and safety of the 
wearer during human activity and gesture recognition. 

2. Experimental procedures 

2.1. Chemicals and materials 

4,4’-Diaminodiphenyl ether (ODA, AR, 98%), 3,3’,4,4’-biphenylte-
tracarboxylic dianhydride (BPDA, AR, 97%) and dioxane (AR, 99%) 
were purchased from Shanghai Aladdin Biochemical Technology Co., 
Ltd, China. N-Methyl-2-pyrrolidone (NMP, AR, 97%) and triethylamine 
(TEA, AR, 99%) were bought from Tianjin Damao Chemical Reagent 
Factory, China. Electrospun polyimide fibrous film was purchased from 
Jiangxi Xiancai Nanofibers Technology Co., Ltd, China. Aqueous carbon 
black (CB) slurry with a concentration of 10 wt% was kindly provided by 
Zhongshan Runze Nanotechnology Co., Ltd., China. All the chemicals 
and materials were used directly as received without further treatment. 

2.2. Fabrication procedure 

2.2.1. Synthesis of PAA 
PAA was synthesized according to the following typical procedure. 

Firstly, 2 g of ODA and 2.94 g of BPDA were added to 25 mL of NMP and 
reacted under mechanical stirring at 0◦C for 10 h. After that, 1.4 mL of 
TEA was added and stirred vigorously for 2 h, and the resultant light 
yellow viscous PAA solution (~13.84 wt%) was then poured into 
600 mL of deionized (DI) water with vigorous stirring for solvent 
replacement. Finally, the generated precipitate was repeatedly suction 
filtered and washed using DI water for several times, and then freeze- 
dried (10 Pa, -80 ◦C, 72 h) to obtain the water-soluble white PAA 
powder (Figure S1). 

2.2.2. Preparation of PIF 
Commercial electrospun polyimide fibrous film was first cut into 

small pieces and soaked in dioxane overnight. Afterwards, the above 
mixture was treated by a high-speed shear homogenizer (FJ200-SH) at a 
speed of 13000 rpm for 25 minutes to segment the film into short fibers, 
which was then frozen in refrigerator (-20 ℃) overnight and freeze- 
dried (5 Pa, -80 ◦C) for 72 h to obtain the fluffy PIF with an average 
length of ~350 nm (Figure S2). 

2.2.3. Preparation of conductive composite fiber aerogel 
Typically, 50 mg of PAA was first dissolved in 20 mL of TEA aqueous 

solution (5 vol%) under stirring for 20 min, and then 100 mg of PIF and 
400 μL of aqueous conductive CB slurry were subsequently added and 
stirred for another 50 min to obtain the homogenous PAA/PIF/CB 
mixture. After that, the mixture was transferred to the desired mold, 
frozen in refrigerator (- 20 ℃) overnight, and freeze-dried (5 Pa, -80 ◦C) 
for 72 h, obtaining the PAA/PIF/CB aerogel. Finally, thermal imidiza-
tion treatment (350 ℃, 1 h) was conducted in nitrogen atmosphere to 
achieve the transformation of PAA into PI, obtaining the designed 
conductive PIF/CB composite fiber aerogel (CFA). In addition, as shown 
in Table S1, series of PIF/CB CFAs with different CB content were also 
prepared using the same procedure, and the prepared sample was named 
as PIF/CB-x, where x refers to the mass ratio of CB and PIF. 

2.3. Characterizations 

Scanning electron microscope (SEM) images were taken by a JEOL 
JSM-7500 F instrument at an accelerating voltage of 5 kV. Dynamic 
mechanical analysis (DMA) was performed by a dynamic thermo-
mechanical analyzer (TA Q800) at a heating rate of 5◦C min-1 in the 
temperature range of -50–300 ◦C with a set frequency of 1 Hz and a fixed 
oscillating strain of 2%. Compression mechanical properties were tested 
using a universal testing machine (UTM2203) equipped with a 100 N 
sensor. The real-time electrical signal was collected by the electro-
chemical workstation (CHI660, Shanghai Chenhua). Multi-channel 
electrical signals were collected by a portable Bluetooth wireless 
transmission resistance measurement device (TruEbox 01RC, LinkZill). 
Thermal insulation property of sample was tested by placing the CFA on 
the frozen copper block (-20℃) and on the hot stage (ANSAI 946 C) set 
at different temperatures (Figure S3). Solar simulator (CEL-PE300L–3A, 
Beijing China Education Au-light CO., Ltd.) was used to irradiate the 
CFA to test its photothermal conversion performance, and the optical 
power density was achieved by adjusting the distance between the 
sample and the light source. Infrared thermal images and the real-time 
temperature during the thermal insulation and photothermal conver-
sion tests were recorded using an infrared camera (FLIR E8). In this 
work, PIF/CB-0.4 CFA was selected for all the tests unless otherwise 
stated. 

3. Results and discussion 

In nature, most organisms have very sensitive sensory systems and 
can respond quickly and effectively to external stimuli [27,28]. The bat 
is the only mammal that can fly at high speed owing to its wings that are 
ultra-sensitive to air currents. As seen in Fig. 1a, bat wing is distributed 
with a large number of ultra-sensitive airflow sensing organs composed 
of body hairs and Merkel cells. Specificality, for the bat flight, air cur-
rents flow over the wings, leading to the reversible mechanical bending 
displacements of the hairs distributed across the wing surface. As a 
result, the Merkel cells located around the hair follicles can be rapidly 
stimulated, generating the corresponding cellular action currents, which 
transmit to the central nervous system via nerve fibers to provide 
real-time airflow sensing [25,29,30]. Inspired by the special structure of 
bat wing, we designed a biomimetic CFA composed of polyimide fiber 
and CB particle that act as the body hair and Merkel cell to construct the 
pressure-sensitive unit, where the pressure induced deformation of fiber 
can effectively change the CB conductive network, generating 
high-efficient pressure sensing signal. Here, the simple solution blending 
and freeze-drying technique was applied for the preparation of PIF/CB 
CFA, Fig. 1b. In details, water soluble PAA powder and PIF were first 
homogeneously dispersed into ultrapure water with the assistance of 
TEA (Figure S4), then CB slurry was added and mixed evenly to obtain 
the stable and homogeneous PIF/PAA/CB dispersion (Figure S5). After 
being completely frozen in the desired mold, PIF/PAA/CB were fully 
trapped between ice crystals, which were then freeze-dried and 
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sublimated to obtain the PIF/PAA/CB CFA. Subsequently, a typical 
thermal annealing was conducted to achieve the conversion of PAA to PI 
via the dehydration and cyclization in PAA, obtaining the final PIF/CB 
CFA. Here, the polymeric PI acted as the “glue” to ensure a strong 
PIF-PIF and PIF-CB interfacial interactions, constructing the robust 
cellular skeleton and efficient conductive network. Additionally, it 
should be noted that our previous work has proved that the added TEA 
can be completely removed during this process without affecting the 
mechanical property of PIF [26]. 

Fig. 1c displays the microstructure of the prepared PIF/CB CFA, 
where the typical isotropic three-dimensional open-cellular structure 
with a pore size of 150 μm can be clearly observed. Zooming in on a 
cellular wall reveals a spider web-like network formed by overlapping 
and entangling of PIF (Fig. 1d&e) and the CB particles are anchored on 
the fiber surface (Fig. 1f), constructing the effective conductive net-
works and special biomimetic hair-Merkel pressure-sensitive unit. 

Similar to ultra-sensitive airflow sensing mechanism of batwing, 
squeezing and bending of the interlacing PIF upon external pressure can 
easily lead to contact of adjacent anchored CB particles that generates 
significant resistance variation, providing the biomimetic PIF/CB CFA 
with ultrasensitive pressure sensing capacity. Due to the good bonding 
function of polymeric PI and hierarchical fibrous porous structure, as 
shown in Fig. 1g, the prepared PIF/CB CFA can withstand an 80% 
compression strain and recover to its original height after releasing the 
compression, showing excellent mechanical compressibility and resil-
ience, which is critical for a robust and stable pressure sensor. In addi-
tion, PIF/CB CFA also has excellent flexibility, allowing for good 
conformal contact with human skin (Fig. 1h). Furthermore, due to the 
unique ultra-high porosity structure of aerogel as well as the excellent 
photo-heating capability of CB, the designed biomimetic PIF/CB CFA 
can also be endowed with excellent human thermal management ca-
pacity (Fig. 1i). All these outstanding merits stated above will undoubtly 

Fig. 1. Concept and design of a bat-wing inspired conductive CFA. (a) Brief structure of bat wing, whose keen perception comes from the stimulation of Merkel cells 
caused by body hair deformation. (b) Preparation process of PIF/CB CFA and the biomimetic hair-Merkel cell pressure-sensitive unit. (c-f) SEM images of PIF/CB CFA 
with different magnifications. (g) Excellent compressibility and resilience of PIF/CB CFA even under 80% compression strain. (h) Perfect adaptability of PIF/CB CFA 
on body skin. (i) Schematic diagram of PIF/CB CFA with excellent human thermal management performance. 
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make it to be an excellent candidate for future wearable smart devices 
with great wearing comfort. 

Compression mechanical properties of PIF/CB CFA, including 
strength, modulus, elasticity, and fatigue resistance, are the critical 
factors that affect its suitability for pressure sensor and overall pressure 
sensing performances. Here, the effect of CB content on the mechanical 
properties of PIF/CB CFA was first investigated. As shown in Figure S6 
and Fig. 2a, significant enhancement in mechanical property is obvi-
ously observed with increasing CB content, and the compression 
strength (which refers to the stress at the 50% strain) and modulus of 
PIF/CB-0.6 CFA reaches 12.34 kPa and 8.67 kPa, respectively, which is 
240% and 570% higher than that of PIF/CB-0.2. Such an enhancement 
can be ascribed to the excellent mechanical property of PI, robust hi-
erarchical fibrous porous structure, and good interfacial interaction 
between PIF and CB with the help of polymeric PI that ensure the 
effective stress transfer upon external compression. Notably, compared 
with our previous works, the low modulus characteristic of PIF based 
composite aerogel is well kept for all the PIF/CB CFA, which is an 
important prerequisite for highly pressure sensitive capacity. Addition-
ally, as seen in Fig. 2b, the conductivity of PIF/CB CFA also increases 
with the increase of CB content, which is mainly attributed to the 
gradual increase of CB particles anchored on fiber surface that results in 
a more perfect conductive network, but this can also affect the designed 

biomimetic hair-Merkel structure and pressure sensing performance 
which will be discussed in the following part. Furthermore, it is well 
known that the collapse of cellular skeleton caused by the sublimation of 
ice crystal during the freeze-drying process and the contraction of fiber 
induced by the dehydration and cyclization of PAA during the thermal 
annealing process can usually lead to obvious shrinkage of aerogel. As 
for the resultant PIF/CB CFA, it can be clearly observed from Fig. 2c that 
the shrinkage can be effectively restrained with increasing CB content 
owing to the supporting effect of CB particles, and the shrinkage rate is 
significantly reduced to 0% for PIF/CB-0.4 CFA and the one with higher 
CB content. Meanwhile, the density exhibits an increasing trend, and the 
porosity displays a decreasing trend especially for the PIF/CB CFA with a 
higher CB content, which will undoubtly affect the fibrous cellular 
structure and lightweight merit of aerogel to some extent. Therefore, it is 
expected that the application requirements for PIF/CB CFA with 
different characteristics can be well fulfilled via tunning CB content. 

Fig. 2d exhibits the cyclic compression curves of PIF/CB CFA under 
stepwise cyclic compression, and the typical hysteresis loop of 
compressible elastic foam is clearly observed for different strain, 
showing the elastic fibrous cellular structure of the aerogel. During the 
compression process, the stress increases linearly within 0–50% strain 
(linear elastic region) owing to the elastic deformation of the fibrous 
cellular skeleton, then it displays a sharp increase with the increase of 

Fig. 2. Compression mechanical properties of PIF/CB CFA. (a) Compressive strength and modulus, (b) conductivity and (c) density, porosity, shrinkage rate of 
different PIF/CB CFA. (d) Stress-strain curves of PIF/CB CFA under stepwise cyclic compression. (e) Dynamic compressive viscoelastic property of PIF/CB CFA. (f) 
Stress-strain curves of PIF/CB CFA over 1000 cycles at 50% strain. Statistics of the residual strain, maximum stress, and energy loss coefficient of PIF/CB CFA over 
1000 cycles at (g) 50% strain and (h) 80% strain. (i) Maximum stress loss and residual strain of PIF/CB CFA compared with other reported aerogel materials. 
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strain to 80% (densification region) arising from the contraction of 
porous structure. Besides, dynamic mechanical analysis of PIF/CB CFA 
over a temperature range of -100–300◦C was also conducted (Fig. 2e), 
the almost invariant viscoelastic properties (storage modulus and loss 
modulus) indicate the excellent tolerance to extreme temperature, and 
the small damping ratio of 0.1 illustrates the little energy loss that is 
beneficial for outstanding elasticity. All these will undoubtly enable it to 
be applicable for stable pressure detection over a wide strain and tem-
perature range. Fatigue resistance of PIF/CB CFA over 1000 cycles at 
50% strain was then further studied, and the typical hysteresis loops are 
almost coincided with each other especially for the larger cycle number 
(Fig. 2f). As seen in Fig. 2g, maximum stress, energy loss coefficient, and 
residual strain exhibit a significant variation in the initial 20 cycles 
owing to the destruction and rearrangement of the unstable cellular 
structure, then they tend to be stable based on the newly reconstructed 
stable three-dimensional cellular structure. Specifically, the maximum 
stress is reduced by 6.3% (from 7.87 kPa to 7.37 kPa) and the residual 

strain is only 3% for the 1000th cycle, indicating the excellent fatigue 
resistance arising from the robust and superelastic biomimetic fibrous 
cellular structure. What’s more, PIF/CB CFA also exhibits the similar 
fatigue resistance towards a larger strain of 80% (Figure S7&2 h). Ac-
cording to the comparation results with other reported aerogel materials 
shown in Fig. 2i, our prepared PIF/CB CFA possesses a significant 
competitive advantage in both maximum stress loss and residual strain 
at both 50% and 80% strain [31–39]. As a result, the good compre-
hensive mechanical properties of PIF/CB CFA, including outstanding 
elasticity, robustness, and fatigue resistance, make it to be an excellent 
candidate for high-performance pressure sensor. 

Pressure sensing performance of PIF/CB CFA under unidirectional 
compression was first systematically investigated. Fig. 3a records the 
real-time relative current variation (ΔI/I0=(I-I0)/I0, where I and I0 
represent the instantaneous current and initial current, respectively) 
with increasing compression strain, where the ΔI/I0 increases linearly 
and slowly in the initial strain range of 0–30%, generating a strain 

Fig. 3. Pressure sensing performance and mechanism analysis of PIF/CB CFA. Relative current variation versus (a) strain and (b) pressure of PIF/CB-0.4 CFA upon 
external compression. (c) Comparation of the sensitivity and sensing range of our prepared biomimetic PIF/CB CFA with other reported pressure sensors. (d) 
Schematic of pressure sensing mechanism of the biomimetic PIF/CB CFA, which is well corresponded with the wind speed perception mechanism of bat wing. 
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sensitivity (Gauge Factor, GF= (ΔI/I0)/ε, where ε stands for the applied 
strain) of 29.5 that is still much higher than other our previous PIF based 
pressure sensor [26,40,41]. After that, it exhibits an exponential growth 
trend followed by a sharp increase for the strain higher than 70%, and an 
ultrahigh strain sensitivity up to 13912.5 is obtained. As shown in 
Fig. 3d, the excellent strain sensitivity is closely related with the spider 
web-like cellular skeleton of CFA, which is composed of the typical 
biomimetic hair (PIF)-Merkel cell (CB) sensitive unit of bat wing. So, the 
pressure working mechanism of the CFA is similar to wind speed 
perception mechanism of the ultrasensitive airflow detection organs of 
bat wing, of which the deformation of body hairs and compression of 
skin under various surrounding air turbulence can effectively trigger the 
Merkel cells to sense complex airflow change for smooth flight, and 
more Merkel cells can be effectively stimulated upon a higher flight 
speed. When the aerogel undergoes a small compression within the 
elastic range (<30%), the fibrous cellular skeleton is subjected to a 
significant squeeze that leads to the bending deformation of overlapped 
PIFs, triggering the adjacent separated CB particles anchored on the 
surface to contact with each other. Such a typical “point-point” 
connection is critical for the significant increase of effective conductive 

networks, resulting in the biomimetic sensing behavior with a high 
strain sensitivity. With further compression, the densification of the 
cellular structure gradually occurs, where the bending deformation of 
PIF turns to be more serious and the adjacent cellular wall also begin to 
contact, so the biomimetic sensing mechanism turn to be stronger that 
enables a much higher sensitivity. 

Meanwhile, according to the stress-strain curve of PIF/CB CFA 
(Figure S8), pressure sensitivity (S=(ΔI/I0)/P, where P denotes the 
applied pressure) was also studied and shown in Fig. 3b. It can be clearly 
seen that ΔI/I0 varies linearly within a wide pressure range of 
0.002–67.61 kPa and a stable ultrahigh pressure sensitivity of 23.1 kPa-1 

is acquired, which is mainly ascribed to the low compression modulus of 
PIF/CB CFA that enables the significant deformation of fibrous cellular 
skeleton and the fibrous porous structure upon small pressure variation, 
generating the designed biomimetic ultrasensitive sensing capacity. 
Additionally, the linear sensing behavior can be attributed to the fibrous 
porous structure which has been well explained in our previous work 
[26]. Meanwhile, owing to the CB content dependent microstructure of 
CFA, the pressure sensing performance of CFA with various CB content 
was also systematically investigated to further emphasize the 

Fig. 4. Pressure sensing performances of PIF/CB CFA. Cyclic response curves of PIF/CB CFA under (a) different strains/stress (20 mm/min) and (b&c) different 
compression rates under 50% strain. (d) Response/recovery time of PIF/CB CFA at a compression rate of 500 mm/min under 5% strain. (e) Long-term durability of 
PIF/CB CFA over 4000 cycles at a compression rate of 20 mm/min under 50% strain. Sensing stability of PIF/CB CFA (f) in water environments (ε=50%, 20 mm/min) 
and (g) over 150 cycles under extreme working conditions (ε=80%, 200 ℃). 
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importance of biomimetic sensing unit. As seen in Figure S9a&b, 
compared with the CFA discussed above, non-linear sensing behavior 
with a lower sensitivity especially in the low-pressure region was 
observed for the CFA with lower CB content, which is mainly due to the 
insufficient CB that hinders the construction of effective conductive 
fibrous structure and the designed biomimetic hair (PIF)-Merkel cell 
(CB) sensitive unit, exhibiting the unsatisfied pressure sensing perfor-
mance. As for the CFA with higher CB content (Figure S9c&d), the 
pressure sensitivity shows a decreased trend and the linear sensing 
pattern also gradually disappears, which can be explained by the fact 
that excessive CB particles tend to aggregate around PIF and fill the gap 
between the adjacent overlapped PIFs, destroying the typical bio-
mimetic sensitive unit and conductive fibrous structure to some extent. 
Thus, as shown in Fig. 3c, our prepared PIF/CB CFA with a proper CB 
content is critical for the achievement of both high sensitivity and wide 
linear response range, showing a competitive advantage over the latest 
reported literatures [41–52]. 

Subsequently, pressure sensing performances of PIF/CB CFA pres-
sure sensor were systematically investigated. Fig. 4a depicts the sensing 
pattern of the sensor upon cyclic compression to different strain/stress 
levels, where the ΔI/I0 exhibits stable and repeatable change upon pe-
riodic compression and releasing, and the response peak shows an 
increasing trend with increasing strain/stress up to 80% strain (67.61 
kPa). Hence, different pressure levels can be accurately identified ac-
cording to the stable electrical sensing signal. Notably, benefiting from 
the superiority of the bioinspired structure, the sensor can also effec-
tively response to the pressure as low as 0.002 kPa (0.1% strain), 
enabling it possible to use it to recognize small pressures. When exerting 
the sensor with series of compression rates under 50% strain (Fig. 4b&c), 
it can also output stable and reproducible sensing pattern, and the 
response peak value keeps constant without being affected even at a 
high-speed of 500 mm/min. Such a typical rate independent pressure 
sensing behavior allow it to work steadily in various operation condi-
tions without losing detection accuracy. Fig. 4d shows the sensing 
behavior of the sensor at an ultrahigh compression rate of 500 mm/min 
under 5% strain, exhibiting a fast response time of 140 ms and recovery 
time of 100 ms, which is critical for the timely response to external 
pressure stimulus. Additionally, as illustrated in Fig. 4e, long-term 
durability and stability of the sensor under 50% strain over 4000 
compression cycles were evaluated. Clearly, the sensor displays a stable 
periodic sensing pattern without obvious fluctuation after a slight in-
crease trend arising from the irreversible residual strain, and the current 
response peak value keeps constant in both the early and later stages 
(inserts in Fig. 4e), demonstrating the excellent fatigue resistance of the 
sensor with negligible sensing signal attenuation. Thanks to the low 
surface energy of PI, rough CB particles anchored fibrous cellular skel-
eton, and porous structure of aerogel, the resultant PIF/CB CFA pressure 
sensor possesses excellent hydrophobicity. As a result, the sensor has the 
same pressure sensing capacity in water as that in air (Fig. 4f&S10), 
demonstrating the great application potential in underwater detection. 
In addition, most polymer-based pressure sensors can usually lose their 
sensing capacity under high temperature environment due to the py-
rolysis of polymer matrix, so the usage of excellent high temperature 
tolerant PI can be an effective strategy. As seen in Fig. 4g, pressure 
sensing performances of the PIF/CB CFA pressure sensor under 80% 
strain was performed at a high temperature of 200 ◦C, and the expected 
outstanding stable sensing behavior without significant reduction is 
clearly observed, which is expected to be applied to extreme environ-
ments such as outer space exploration and high-temperature workshops. 
The above results demonstrate that the PIF/CB CFA is a high- 
performance pressure sensor capable of withstanding high tempera-
tures, high humidity, and high pressure, which is very valuable for 
practical applications. 

Owing to the excellent mechanical properties, high sensitivity, and 
wide sensing range of our prepared PIF/CB CFA pressure sensor, it 
possesses great potential in wearable electronic device for real-time 

human physiological and motion monitoring. Fig. 5a shows the peri-
odic pulse sensing signal of the sensor attached to the wrist, and the 
pulse rate is calculated to be ~60 beats per minute, which is well within 
the normal value of healthy people. Meanwhile, the typical character-
istic peaks of "P" (percussion wave), "T" (tidal wave), and "D" (diastolic 
wave) of the pulse waveform are also clearly identified from the 
enlarged view shown in Figure S11, which can be attributed to the high 
sensitivity and ultralow detection limit of the sensor. Additionally, the 
sensor fixed onto the cheek can also output regular sensing signal to-
wards the facial micro-expressions, and the smile and laugh can be easily 
recognized based on the response intensity induced by the different 
facial muscle contraction degree (Fig. 5b). Furthermore, the sensor was 
also applied for the detection of joint activity, where the sensor outputs 
stable and reproducible response pattern to the repeated finger bending 
(Fig. 5c), elbow bending (Fig. 5d), and knee bending (Fig. 5e), indicating 
the good recognition capacity for vigorous human activities. Notably, it 
can accurately identify the finger bending frequency based on the 
response peak number within a certain period (Fig. 5c) and distinguish 
the specific body joint according to the response peak shape (Fig. 5d&e). 
All these will undoubtly make it to available for the smart wearable 
applications in personal lifecare and healthcare services for the elderly 
and disabled people. In order to facilitate human-computer interaction 
and enable large-scale applications of sensors, a machine learning al-
gorithm based on convolutional neural networks (CNN) has been 
designed to train and recognize data from human activity signals. After 
acquiring and preprocessing the data, we obtained 200 distinct sets of 
human activity data, of which 80% was used to train the model and the 
remaining 20% was reserved for testing its performance (Fig. 5f). The 
dataset of electrical signals from various activities was validated using a 
CNN classification algorithm for training and testing, resulting in a 
confusion matrix displayed in Fig. 5g with a prediction accuracy of 
96.73%. In addition, the prediction performance can be further 
improved by adding training data. These results demonstrate the ability 
of PIF/CB CFA to accurately recognize different human activities. 

Furthermore, the prepared pressure sensors were fixed onto the 
joints of the five fingers with the help of medical tape for gesture 
recognition (Fig. 5h). When the volunteer makes a specific gesture, the 
assembled five sensors output a set of sensing signals which is well 
corresponded with the finger bending state (Fig. 5i&S12). Benefiting 
from the excellent comprehensive properties of the biomimetic PIF/CB 
CFA, the sensor still shows outstanding low noise under the complex 
deformation of finger joints and can accurately recognize various ges-
tures. Therefore, a CNN machine learning algorithm was used to eval-
uate the capability of PIF/CB CFA in recognizing various gestures. As 
shown in Fig. 5j, the prediction accuracy of PIF/CB CFA for different 
consecutively made gestures can reach up to 95.98%, which is a good 
indication of its ability to accurately recognize various gestures. 
Notably, “motor overflow” can cause crosstalk between the tendons of 
different fingers, resulting in uncontrolled flexion of the adjacent fingers 
during a relatively minor flexions of one finger, but this phenomenon 
diminishes after several repetitions of flexion. Therefore, making 
different gestures consecutively leads to crosstalk of the signals thus 
exhibiting relatively low training accuracy. Based on this, the same cycle 
number of data acquisition were performed for each gesture, and it can 
be observed that the sensor exhibits a stable cyclic sensing signal 
(Fig. 5k&l). The obtained data is then trained and tested using the CNN 
machine learning algorithm, and the amount of data used is kept the 
same as in Fig. 5i for comparison purposes. The results show that the 
recognition accuracy of PIF/CB CFA for different gestures is enhanced to 
98.26% after eliminating the crosstalk of the motion overflow phe-
nomenon (Fig. 5m). All these show that PIF/CB CFA has amazing 
application prospects for gesture recognition. In addition, in future 
scenarios, PIF/CB CFA can be applied to human-computer interaction 
applications in virtual reality as well as the operation of remote- 
controlled manipulators such as tele-surgery, disaster relief, and indus-
trial robots through smart terminals. 
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As for the tactile sensing applications of the resultant PIF/CB CFA 
pressure sensor, flexible electronic skin consisting of 4 × 4 sensing array 
was first assembled for spatial pressure distribution detection, and each 
sensing unit is composed of the mutually non-interfering interdigital 
electrodes and pressure sensor. When placing a toy cat and different 
balance weights on the surface of electric skin respectively (Fig. 6a&b), 
the contacting sensing unit will output the specific electrical response 
signal based on the corresponding pressure. As seen in Fig. 6a’&b’, 
three-dimensional current change mapping of the sensor array is clearly 
collected, which is well consistent with the location, shape and weight of 
the placed item, demonstrating the accurate recognition ability of the 
resultant electronic skin. Besides, as illustrated in Fig. 6c, the pressure 
sensor was attached onto the fingertip for real time grasping force 
monitoring. Obviously, both the sensor of index finger and thumb finger 

display a weaker electrical response signal when grasping less magnet 
blocks (Fig. 6d), manifesting a lower grasping force. This will undoubtly 
make it available for the bionics tactile sensor of robotic hand, which is 
essential for the precise and safe mechanical grasping operation of ro-
botic manipulator. What’s more, a facile electronic scale was assembled 
via coupling the pressure sensor with a portable Bluetooth signal 
transmission device (Fig. 6e). As expected, the sensor outputs stable 
electrical response signal rapidly towards different specifications of 
balance weights (50 g, 100 g, 200 g), and stronger response peak is 
obtained for a heavier one (Figure S13). Importantly, as seen in Fig. 6f, 
the calculated resistance variation ΔR has a good linear relationship 
with different specifications of balance weights, enabling it to assess-
ment the practical weight of different items accurately. 

Wearable electronic devices not only require excellent sensing 

Fig. 5. Machine learning assisted PIF/CB CFA pressure sensors for highly accurate human activity and gesture recognition. (a) Real-time current signals of the sensor 
responding to pulse, (b) facial micro-expressions, and various human motions including (c) finger, (d) elbow, and (e) knee bending. (f) Flowchart of machine learning 
algorithm for human activity based on convolutional neural network (CNN). (g) Confusion matrix for validating the results of human activity classification. (h) 
Digital photograph showing the assembled gesture recognition system. (i) Multichannel electrical signal responses to 11 commonly used gestures made in succession. 
(j) Confusion matrix for validating the recognition results of 11 different consecutive gestures. (k&l) Cyclic stability of specific gestures. (m) Confusion matrix for 
validating the recognition results of two specific gestures. 
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performance, but the good thermal management performance is also 
indispensable because of the direct interaction with human body. 
Generally, aerogel is a kind of high-efficient thermal insulation material 
due to its ultra-high porosity, where the internal amounts of air can 
significantly reduce the thermal conductivity and the cellular structure 
is also beneficial for the suppression of thermal convection. When 
placing the PIF/CB CFA onto the stages of different temperatures 
(-20− 300 ℃) for 30 minutes, it can be seen clearly from the infrared 

thermal images in Fig. 6g that the CFA exhibits a distinct color difference 
with the stage, and the color distribution on the surface is almost 
identical except the boundary area, indicating the excellent thermal 
insulation property in a wide temperature range. In detail, as displayed 
in Fig. 6h, the surface temperature of CFA increases slightly with 
increasing the stage temperature, but a higher surface temperature dif-
ference with the stage (ΔT) is obtained for the colder and hotter stage 
than environment temperature, and ΔT can even reach 220 ℃ in an 

Fig. 6. Evaluation of PIF/CB CFA pressure sensor for tactile sensing applications and human thermal management. Assembled electric skin consisting of 4 × 4 
pressure sensor array for spatial pressure distribution detection of (a) toy cat and (b) disorderly distributed balance weights, and (a’&b’) their corresponding three- 
dimensional current change mapping. (c) Grasping force monitoring to the objects with different weights using the pressure sensor fixed onto the fingertip and (d) 
their corresponding output electric signal. The inset shows digital photos of grabbing objects of different weights. (e) The pressure is connected with a wireless 
resistance measurement device to simulate a piezoresistive electronic scale. (f) The linear relationship between electrical signal change and weight of balance 
weights. (g) Infrared thermal images of CFA placed on stages of different temperatures after 30 minutes. (h) The statistical surface temperature of CFA and its 
temperature difference with the stage. (i) Photothermal conversion curves of CFA under different simulated light power densities. (j) Temperature curve of CFA under 
stepwise increasing light power density. (k) Photothermal conversion stability of CFA within 15 minutes. 
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environment of 300 ◦C, improving the wearing comfort and safety of the 
pressure sensor in both cold and hot environments. Additionally, owing 
to the excellent optical absorbing ability of CB, exploring the photo-
thermal conversion properties of PIF/CB CFA is of great value for the 
multifunctional expansion of wearable sensors [53]. As shown in Fig. 6i, 
the CFA temperature increases sharply after being irradiated and then 
tends to be stable quickly. Meanwhile, a higher equilibrium temperature 
is obtained under a stronger light intensity, ensuring the controllable 
heating performance. Fig. 6j shows the photothermal conversion curve 
of PIF/CB CFA with stepwise increasing light density, and the CFA 
temperature presents a fast switching which can be clearly observed 
from the infrared thermal images (inserts in Fig. 6j), showing a sensitive 
photothermal response. Moreover, the PIF/CB CFA also shows a stable 
photothermal conversion ability, and the equilibrium temperature 
maintains at about 45 ℃ over a period of 15 minutes under a light in-
tensity of 60 mW cm-2 (Fig. 6k), demonstrating a steady photothermal 
conversion efficiency. What’s more, piezoresistive pressure sensors can 
often experience a potential heat accumulation effect during the oper-
ation process, which is detrimental in wearable electronic devices as it 
can cause harm to both delicate electronic components and the human 
body. Figure S14&S15 show the temperature change of PIF/CB CFA 
during the cyclic compression process at the working voltage of 1 V, and 
it can be seen that the sample temperature keeps almost constant much 
during compression, showing the negligible heat accumulation effect 
which is favorable for wearable pressure sensors. All these indicate the 
outstanding human thermal management performance of the PIF/CB 
CFA pressure sensor, endowing it with great wearing comfort and safety. 

4. Conclusion 

In summary, we have reported a human activity and gesture recog-
nition system with ultra-high prediction accuracies of 96.73% and 
98.26% using the CNN machine learning algorithm assisted CFA pres-
sure sensor. Inspired by spider web and bat wing airflow sensing sys-
tems, PIF/CB CFA pressure sensor with biomimetic hair-Merkel cell 
sensitive unit was prepared, exhibiting ultralow detection limit of 2 Pa, 
high pressure sensitivity of 23.1 kPa-1, wide linear detection capacity up 
to 67.61 kPa, fast response/recovery time (140/100 ms), and excellent 
long-term durability of over 4000 cycles. Our work has also demon-
strated that the sensor has the capability for haptic interfaces, such as 
human-computer interaction, smart grips, and electronic scales, as well 
as good applicability in extreme environments. Furthermore, our 
fabricated PIF/CB CFA also has excellent thermal management charac-
teristics, ensuring excellent wearing comfort and safety. We believe this 
work will undoubtly contribute to the further development of high- 
precision smart wearables. 
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