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A B S T R A C T   

Flexible pressure-sensing materials with high sensitivity and good mechanical reliability are highly required to 
meet the long-time and accurate detecting requirement for wide-stress motions. Herein, we describe a bamboo- 
inspired design approach to fabricate mechanically flexible and electrically conductive carbon nanofiber/poly-
dimethylsiloxane foam composites with unique and designed hierarchical pore structures. The optimized multi- 
level pore structures not only show outstanding mechanical flexibility and reliability, but also possess high 
sensitivity at a relatively wide stress range. Typically, the hierarchical pore structures (i.e. large-size pore 
structure of several hundreds of micrometers, hollow structure of several micrometers, micro-/nano-irregular 
pores on the hollow skeleton) are sensitive to tiny pressures to construct additional conductive paths and thus 
achieve high sensitivity of ~0.6 kPa− 1 at 0–1 kPa. Further, such hierarchical structures easily form highly 
interconnected conductive network induced by the serious deformation of large pores and sinking of hollow- 
structure, thus providing the extremely sensitive sensing behavior for a relatively large pressure level as large 
as 20 kPa. Moreover, the optimized sensor presents good repeatability and excellent reliability after 10000 
compressive cycles, which can satisfactorily meet the critical requirements of subtle vital signs, human motions 
monitoring and so on. Clearly, this work offers a route to design and development of the multifunctional 
advanced pressure-sensor for potential artificial intelligence application.   

1. Introduction 

With the rapid development of artificial intelligence, tremendous 
and continuous attentions have been paid to flexible and wearable 
pressure sensors due to their various promising applications including 
human-machine interactions [1–7], healthcare monitoring [8–10], soft 
robotics [11,12], and e-skin [13–17]. Among them, human vital signs 
and motion monitoring devices are the most sought-after devices since 
they can provide valuable information regarding the health and well-
being of the host. Therefore, next-generation flexible pressure sensors 

are highly required to accurately detect pressures from several Pa to tens 
of kPa e.g., ultra-low pressure of respiration/pulse (<1 kPa), low pres-
sure of gentle manipulation like touch (1–10 kPa) and relatively high 
pressure of plantar pressure (>10 kPa), with high sensitivity and me-
chanical reliability [18]. Among various types of pressure sensors, 
conductive filler/flexible polymer based piezoresistive pressure sensors 
have attracted considerable interest owing to the advantages of simple 
signal conversion, easy data acquisition, high flexibility, simple process 
and low cost [19–23]. Due to the intrinsic rigidity, deficiencies of stretch 
ability and nonlinear viscoelasticity of polymer, the traditional solid and 
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planar structure pressure sensor materials are insensitive, unstable, and 
difficult to adapt in low-pressure regimes (<10 kPa) [24,25]. 

In order to solve these issues, unique microstructure design and 
concept, such as porous structure [26–31], hollow structure [32,33], 
fractured microstructure [34] and dispersed-multilayers structure [35, 
36], were effectively proven due to their good deformability (low elastic 
modulus) and the increase of the conductive contact areas when pores 
deform or separated layers begin to contact, etc. Dip-coating conductive 
fillers on commercial polymer substrates such as melamine (MA) foam 
or polyurethane (PU) foam were widely employed as the most simple 
and low-cost strategy [37–41]. Unfortunately, the above-mentioned 
sensors show undesirable performance, e.g. the sensitivity of <0.068 
kPa− 1 in most cases [28,42,43], a relatively higher sensitivity of 
0.26–0.67 kPa− 1 for some special structure design of fractured skeleton 
[34] or conductive porous layer/insulating porous layer/conductive 
porous layer sandwich-like structure [35], respectively. These findings 
demonstrated that the fractured skeleton or dispersed-multilayer struc-
ture sensors can provide high sensitivity, but the structure stability is 
relatively poor. Further, the interaction between filler coating and the 
substates is still weak, and most of filler coating on the thin polymer 
skeletons are stiff and rather brittle. More importantly, the aging/-
thermal degradation of these hydrocarbon polymer foam composites at 
high temperature would result in the unstable sensitive signals and poor 
structure reliability of the pressure sensor under the complicated tem-
perature environments in practical applications. 

Polydimethylsiloxane (PDMS) rubber is an ideal alternative to 
replace the hydrocarbon polymer owing to its high mechanical flexi-
bility, structure stability at wide temperature range (− 60–200 ◦C), good 
elasticity and chemical stability [44–46]. Lots of approaches have been 
employed to fabricate porous PDMS-based sensors using green chemical 
foaming [45,46], sacrificial templating methods [47–49], freeze-drying 
backfilling methods [50,51], water droplet methods [52], and 3D 
printing methods [53]. It is worth noting that these PDMS sponges al-
ways have thick skeletons and low porosity with compress stress of 
hundreds of kPa to ~tens of MPa at strain of ~60%, leading to the 
conflict between the sensor sensitivity and mechanical reliability. 
Therefore, it is imperative, but also challenging, to achieve porous 
PDMS-based pressure sensors at the sensing range of several Pa to tens of 
kPa to balance the mutually exclusive conflict of high sensitivity and 
mechanical reliability. 

Bamboo, a masterpiece of nature, exhibits lightweight and excellent 
mechanical properties due to its typical multi-level pore structures and 
densely packed fibers/lignin composite as elastic and tough wall mate-
rial. Consequently, the bamboo exhibits much better repeated bending 
properties to resist strong wind than solid trees, and when it used as an 
elbow, deformation of the pore pre-punched on the wall makes the 
hollow bamboo easily be bent. With this inspiration, we design and 
describe hierarchical pore structures in conductive carbon nanofibers 
(CNFs)/PDMS foam materials to construct high-performance pressure 
sensor with a good balance between high sensitivity and mechanical 
reliability. Typically, the porous PDMS samples were prepared by 
coating the conductive CNFs/PDMS composite onto Ni-skeleton, then 
etching the Ni foam template to achieving the hierarchical pore struc-
tures. The unique hierarchical pore structure with large-size pores of 
several hundreds of micrometers, hollow structure of several microme-
ters, micro-/nano-irregular pores on the hollow skeleton can be easily 
tailored via simply altering the processing conditions. Consequently, the 
optimized pressure sensors show good mechanical flexibility, wide- 
stress range detection, ultra-high sensitivity and cyclic piezoresistive 
recallability. Finally, the application of the sensors in vital signs and 
human motions monitoring, and the additional sensitive behaviors to 
temperatures and volatile organic compounds are also demonstrated. 

2. Experimental 

2.1. Materials 

CNFs (~10 μm in length, ~150 nm in diameter and 1 × 10− 4 Ω cm in 
electrical resistivity) were bought from Showa Denko Co., Ltd., Japan. 
Commercial Ni foam with pore size of 400–800 μm was purchased from 
Kunshan Jiayisheng Electronics Co., Ltd., China. Sylgard 184 silicone 
elastomer base and curing agent were provided by Dow Corning. 
Analytical grade solvents such as xylene, n-hexane, hydrochloric acid 
(HCl, 37.5 wt%) were purchased from Sinopharm Chemical Reagent Co., 
Ltd., China, and were used as received. 

2.2. Preparation of CNFs/PDMS foam composites 

The CNFs/PDMS foam (CPF) composites with different pore struc-
tures were prepared by using the following procedure. First, CNFs were 
added into xylene and pre-dispersed by sonication for 15 min, and then 
PDMS prepolymer (containing curing agent and inhibitor) was added 
into the above CNFs/xylene suspension. The CNFs/PDMS (CP)/xylene 
suspension was stirred at 3000 rpm/min for 30 min to obtain good filler 
dispersion (the xylene/PDMS ratio equal to 7:1); after that a certain 
amount of xylene was evaporated to adjust the viscosity of CP/xylene 
suspension for subsequent coating use. Then, Ni foams were dipped into 
the above CP/xylene coating suspensions, and the pores were fully filled 
with the suspensions. After that, the Ni foams were spin-coated at the 
speed of 800 rpm for a certain time to remove excess CP mixture, and the 
obtained CP/xylene coated Ni foam composites were then dried to 
remove the residual xylene and cured PDMS prepolymer in an oven 
(120 ◦C, 2 h). The above process from dipping to curing was repeated for 
one time. Finally, the CP-Ni foam composites were immersed into HCl 
solution (15 wt%) to completely etch away Ni skeleton and obtained the 
CP foam composites with multi-level pore structures. Notably, simply 
adjusting the xylene/PDMS ratio of CP/xylene coating suspension from 
7:1 to 3:1 together with altering the spin-coating process condition can 
well tailor the thickness and integrity of the coating on the Ni foam 
skeleton, then obtained different pore structures in the final samples, 
which will be in-detail illustrated in Section 3.1. The CP foam with the 
optimized multi-level pore structures was prepared when xylene/PDMS 
ratio of 5:1 and spin-coating treatment at the speed of 800 rpm for 60 s. 
Moreover, for comparison, the CNFs/PDMS foam composite with only 
Ni skeleton based hollow structure (1T-pore) was also prepared using 
the following processes: the CP mixture without xylene solvent was 
directly infiltrated the Ni foam and then cured in an oven (120 ◦C, 2 h). 
After that, the Ni foam in the composites was fully etched to achieve 
hollow structures. 

2.3. Characterization 

The morphology of CPFs and structure evaluation during in-situ 
compression were investigated using scanning electron microscopy 
(SEM, Sigma-500, ZEISS). The elements of skeleton CPFs were analyzed 
by an SEM-EDX instrument (Sigma-500, ZEISS). To examine 3D 
morphology of the prepared porous CPF composites, a high-resolution 
3D X-ray computed tomography (CT) scanner (SkyScan 1272, Bruker, 
Germany) was employed. Rotating the sample over 180◦ at 0.1◦ in-
tervals, 1800 transmission images were obtained for reconstructing a 3D 
image. The compressive properties of the CPFs with different pore- 
structures were observed by a universal testing machine (Lloyd 
Ls100plus). 

Two pieces of copper foils were carefully fixed onto the opposite 
surface of the foam by silver paste, and then connected to the analyzers 
by copper wires. The initial resistance and the resistance/current vari-
ation during the sensing behaviors testing were measured by a source 
meter (2601B, Keithley, America). Pressure sensitive behaviors of the 
samples were investigated during compression tests, which were con-
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ducted by a universal test machine and a source meter at ambient con-
ditions. A DMA (TA Co. Ltd., America) and a source meter were together 
used for testing temperature sensing performance, and the sample into 
the furnace chamber was heated from 20 to 120 ◦C at a speed of 10 

◦

C/ 
min. The Volatile Organic Compounds (VOCs) sensing testing was 
measured by a homemade measurement device, including mass flow 
controllers (MFCs), solvent bubbles, gas detection chamber (500 mL) 
and a source meter. Firstly, the resistance of sample under dry air was 
recorded for 50 s to get the baseline; after that, the sensing behavior was 
measured by exposing the sample to organic vapor for 100 s and then 
drying it in air for 200 s at 25 ◦C. Two MFCs were employed to control 
the gas flow rates and the concentration of target vapors, the total flow 
rate was kept at 500 cm3/min. The concentration of the VOCs (c) was 
calculated by Eq. (1) [54,55]: 

c(%)= (
Pi

p
×

f1

f1 + f2
) × 100 (1)  

where P is the atmospheric pressure (101.3 kPa), and Pi is the saturated 
vapor pressure of target solvent at 25 ◦C, f1 and f2 are the flow rate 
values of organic vapor (controlled by the MFC1) and dry air (controlled 
by the MFC2), respectively. 

3. Results and discussion 

3.1. Fabrication and structural characterization of CPFs 

The pore structure is a key factor for the sensing performances of 
pressure sensor, e.g., enhancing flexibility/sensitivity and extending low 
detecting limit. In nature, hollow bamboos exhibit much better repeated 
bending properties to resist strong wind than the solid trees, and they 
can be easily bent or even used as 90-degree elbows by punching pores 

in the hollow wall (see Fig. 1a). Inspired by this unique porous structure 
and the good mechanical flexibility and robustness, CPFs with multi- 
level pore structures are desirable for constructing high-performance 
pressure sensors. Fig. 1b shows the schematic of design and fabrica-
tion process of the novel hierarchical pore structures. Typically, Ni foam 
was used as porous template and immersed with the CP/xylene sus-
pension, and then the conductive CP/xylene suspensions were spin- 
coated onto the part area of Ni-skeleton surface. Based on simple dry-
ing and curing in a hot oven followed by etching the Ni skeleton, a 
unique multi-level pore structure as a bamboo-like structure was ach-
ieved. The obtained porous CP foam composites containing multi-level 
pore structures (named as 3T-pore CPF) contain three different scales 
of pore structures: large-size pores provided by Ni-foam when Ni skel-
etons were wrapped by thin CP coating, hollow structure after etching Ni 
skeletons, and irregular pores on the hollow skeleton wall. 

Notably, the weight ratio of xylene/PDMS of the coating suspension 
and the process condition of spin-coating are the key factors to tailor the 
pore structures of CP foams. The photos and SEM morphologies of 
prepared samples with different pore structures and their feature at 
different processing conditions are shown in Fig. 1c. When the xylene in 
CP/xylene suspension was completely removed before filling the Ni 
foam and without the spin-coating process treatment, the thick CP 
mixture infiltrated the Ni foam and fully filled its pores, then only 
forming hollow structures in CP foams (named as 1T-pore CP) after the 
Ni skeleton was etched (The corresponding fabrication schematic is 
shown in Fig. S1). When tailoring the weight ratio value equal to 3:1 
together with applying the spin-coating treatment at speed of 800 rpm 
for 50 s each time, most of thin CP suspension was thrown away from the 
pores of Ni foam due to the centrifugal force. As a result, the CP foam 
with large pores similar size as Ni foam template and hollow structure 
was obtained (named as 2T-pore CPF for the following comparative 

Fig. 1. (a) Multi-level pore structures of bamboo elbows prepared by punching pores on the hollow wall at the bending points. (b) Schematic for fabrication process of the 3T- 
pore CPF via simply adjusting the coating viscosity (the weight ration of xylene to PDMS) and applying the spin-coating process. (c) The photos and SEM morphologies of 
prepared CPF samples with different pore structures under different processing conditions. 
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study and the corresponding fabrication schematic shown in Fig. S1). It 
should be noted that when decreasing the viscosity of CP suspension by 
adjusting the xylene/PDMS ratio equal to 5:1 and applying the spin- 
coating treatment at the same speed for 60 s each time, more CP sus-
pension was thrown away from the pores of Ni foam, then most of the 
surface of the Ni skeleton was covered by CP suspension coating. 
Meanwhile, some small areas are not covered with the CP, forming the 
third pore structure (irregular pores) on the hollow walls. With further 
increasing the xylene/PDMS ratio to 7:1 even applying the same spin- 
coating treatment (800 rpm - 60 s, each time), there is so little CP 
coating on the skeleton surface that causes the badly-broken sample 
with fragile and collapsed skeletons, inducing obvious shrink in shape 
(Fig. 1c). 

It is worth noting that the 3T-pore CPF (~0.045 g/cm3) is so light-
weight that the sample with the shape of 2.0 × 2.0 × 0.85 cm3 can stand 
on the bristle grass without bending any hairy branches (Fig. 2a). The 3D 
reconstruction and cross-sectional images of 3T-pore CPF were charac-
terized by the X-ray micro-CT scanning and shown in Fig. 2b1–2b3. The 
clear visual photoes on the entire internal structure of 3T-pore CPF are 
well presented: 3D interconnected porous structure, hollow-structure 
skeletons and part of them fractured due to lots of irregular pores on 
the wall. Such hierarchical pore structures of the 3T-pore CPF samples 
were further demonstrated by SEM observation. As shown in Fig. 2c1- 
2e2, the typical foam-like porous structures are visible in the 3T-pore 
CPF, and large pores with feature size similar as pores of Ni foam tem-
plate ranging from 400 to 800 μm (indicated by red dotted-line in 
Fig. 2c1) and some hollow pore structures forming by etching Ni skele-
tons (Fig. 2c2, the morphology of raw Ni foam was shown in Fig. S2a) are 
also clearly observed. The results of EDX analysis in Fig. S2b confirm 
that the Ni foam template was completely removed and the sample is 
composed of CNFs and PDMS. More interestingly, the 3T-pore CPF 
shows thin walls with tens of micrometers in thickness and a lot of 
irregular pores with several hundreds of nanometers to tens of micro-
meters are seen on the hollow-skeleton wall, as indicated by the orange 

dotted-line in Fig. 2c3. The above results confirm that the bamboo- 
inspired multi-level pore structure has been successfully constructed. 
Comparatively, the 1T-pore CPF only has the Ni-skeleton shape-like 
hollow structure (indicated by blue dotted-line in Fig. 2d1) and the 2T- 
pore CPF has two types pores (the hollow structure and large-size pores 
in Fig. 2e1). Furthermore, unlike the smooth pore wall surface appeared 
in the 1T-pore (Fig. 2d1) and 2T-pore CPFs (Fig. 2e2), the 3T-pore CPF 
exhibits a very rough wall surface with lots of up-and-down wrinkles, 
and a large number of randomly interconnected CNFs’ segments lean out 
of outside wall surface of the hollow skeleton in Fig. 2c4. Such unique 
structure would efficiently increase the probability of conductive paths 
forming when adjacent wall contacts to each other under compression, 
which will be discussed in the following section. Due to the concentra-
tions of CNFs (16 wt%) are above the percolation threshold (Fig. S3a) 
and conductive networks have been formed (Fig. 2d2), all samples 
appear low resistance values of about 1–2 kΩ (Fig. S3b). 

3.2. Mechanical property of CPFs 

CPFs with excellent mechanically flexibility and reliability are 
basically required for constructing pressure sensor in practical applica-
tion. Compressive stress-strain behaviors of the 1T-pore CPF, 2T-pore 
CPF and 3T-pore CPF were tested under different strains and shown in 
Fig. 3a–c, Figs. S3c and 3d. As expected, the deformation capacity and 
mechanical flexibility of these CPFs are different. The maximum 
compressive stress of 3T-pore CPF is ~12.0 kPa at 80% strain, which is 
much smaller than that of 2T-pore CPF (~140.0 kPa at 80% strain) and 
1T-pore CPF (>1.5 MPa at 20% strain). Two distinct regions were 
observed during loading of 2T-pore CPF and 3T-pore CPF samples from 
0% to 80% strain. The compressive stress at strains <60% (elastic and 
plateau regions) increases slowly with increasing the strain value since 
the abundant porous structures provide sufficient spaces for the skeleton 
deformation (Figs. S3c and 3d). At high strains of >60%, the compres-
sive stress rapidly increases with the strain due to the subsequent 

Fig. 2. (a) Lightweight porous 3T-pore CPF on the bristle grass without bending any hairy branches. Structural characterizations of CPFs with different pore 
structures: (b1) 3D volume reconstruction and (b2, b3) cross-section profiles with different magnifications at the middle height of 3T-pore CPF. SEM images of pore 
and skeleton for 3T-pore CPF (c1-c3), 1T-pore CPF (d1), 2T-pore CPF (e1), respectively. High-magnification SEM images of cross-section surface for 1T-pore CPF (d2) 
and skeleton outside wall surface for 3T-pore CPF (c4), 2T-pore CPF (e2). 
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densification when the large pores seriously deform and the wall closely 
stack together. Interestingly, the high deformability and low compres-
sive stress of the 3T-pore CPF sample are comparable to that of low- 
density soft PU foam [35,43,56]. Considering the above results, the 
3T-pore CPF sample shows an obvious advantage in comparison with 
other pore structures. 

The mechanical reliability of the 3T-pore CPFs is crucial for deter-
mining the final sensing stability in practical application. A 100 cyclic 
compression test was carried out on the 3T-pore CPF at a constant strain 
of 60% to evaluate the compressing robustness and cyclic resiliency. The 
compressive stress values show almost unchanged (retention of above 
97%) even after the 100 cycles (see Fig. 3d), indicating the stable me-
chanical flexibility. The low energy loss coefficient (ξ) of ~0.3 (Fig. 3e) 
further confirmed that the 3T-pore CPF has good mechanical flexibility 
and robustness for potential application. Further, the 3T-pore CPF ex-
hibits a good thermo-mechanical stability with almost overlapped stress- 
strain curves when testing temperature change from 20 to 100 ◦C 
(Fig. 3f), suggesting its good stability under a wide temperature range. 
After being squeezed seriously (the strain of ~85%), the 3T-pore CPF 
after 100 ◦C-10 h heating treatment also can resume to the initial state 
well, as shown in Fig. 3g. Therefore, the above results demonstrate that 
the 3T-pore CPF with unique porous structure and highly elastic, robust 
mechanical properties would be an ideal material for subsequent 
development of high-performance sensors pressure sensor. 

3.3. Piezoresistive performance and mechanisms of 3T-pore CPF 

To construct the pressure sensor, the conductive CPFs were cut into 

blocky shape and sandwiched between two electrodes by conductive 
silver adhesive to obtain stable signals (see Fig. S4). Fig. 4a shows the 
resistance response behaviors of three different pore-structure foams to 
pressures range from 0 to 20 kPa. Clearly, the three pore structures 
exhibit quite different resistance response behaviors. Compared with the 
minute resistance change of 1T-pore CPF in the whole region, the 2T- 
pore and 3T-pore CPFs present substantial changes in the relative 
resistance (ΔR/R0, where ΔR = R0-R, R0 and R is the resistance without 
and with external pressures) with increasing the applied pressure, and 
the amplitude of ΔR/R0 variation of 3T-pore CPF is the highest one. 
Further, for the pressure sensor, the sensitivity (S) that is generally 
defined as (ΔR/R0)/ΔP (where ΔP is the pressure difference) is quite 
different for the different pore structures. In the subtle pressure range 
(0–1 kPa, linear regime), the S of the 3T-pore CPF is about 0.60 kPa− 1, 
which is much higher than those of the 1T-pore (0.0007 kPa− 1) and the 
2T-pore CPFs (0.08 kPa− 1) samples. With increasing of the pressure, the 
sensitivity of the 3T-pore CPF is 0.08 kPa− 1 at middle pressure range 
(1–6 kPa), and 0.01 kPa− 1 at high pressure range (6–20 kPa) like that of 
the 2T-pore CPFs. The above results well indicate that sensing capability 
to pressures is significantly improved by designing and tailoring the 
multi-level pore structures. 

Notably, the sensitivity of the 3T-pore CPF (~0.60 kPa− 1 at loading 
pressure <1 kPa) is much higher than those of the PDMS-foam based 
sensors [47,57–59], and other porous PU-based composite materials, 
such as, the common conductive filler@soft PU foam composites (~0.17 
kPa− 1 at pressure <1.5 kPa of graphene@PU foam [56], ~0.014 kPa− 1 

at pressure <6.5 kPa of MXene@PU foam [42], ~0.059 kPa− 1 at pres-
sure <4.7 kPa of Au@PU foam [43], ~0.068 kPa− 1 at pressure <2.3 kPa 

Fig. 3. Compressive stress-strain curves of CPFs with different pore structures: (a) 1T-pore CPF at the strain of 20%. (b, c) 2T-pore CPF and 3T-pore CPF at the 
maximum strains of 20%, 40%, 60% and 80%, respectively. (d) Cyclic compressive stress-strain curves of the 3T-pore CPF at 60% strain for 100 cycles. (e) Height 
retention and energy loss coefficient of the 3T-pore CPF at different cycles at 60% strain. (f) Compressive stress-strain curves of 3T-pore CPF at the maximum strain of 
85% and different testing temperature of 20 ◦C, 60 ◦C and 100 ◦C, respectively. (g) Typical photographs of the 3T-pore CPF during the cyclic compressive process, 
showing good reversible compressibility and reliability after being treated at 100 ◦C for 10 h. 
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of carbon black @PU foam [28], and 0.022 kPa− 1 at pressure <2.7 kPa 
of MWCNTs-rGO/PU foam [27], PU/cellulose nanofiber@CB conduc-
tive foam (0.35 kPa− 1) [60], and the above mentioned graphene coated 
PU sponge with fractured skeletons (0.26 kPa− 1) [34]). Moreover, such 
high sensitivity of the 3T-Pore CPF is also comparable with the unique 
sandwiched graphene@PU foam (0.67 kPa− 1) that requires the complex 
thickness control of the middle non-conductive layer [35] (see 
Table S1). Furthermore, the resistance response signals can be clearly 
visible while loading a grain of small mung bean (31 mg, 2 Pa) (Fig. 4b 
(I)), which demonstrates that our fabricated foams have an extremely 
low detection limit (2 Pa) compared to these previously-reported sensors 
(Table S1). Stable and continue resistance response signals can be also 
observed at different low pressures (10–120 Pa) (Fig. 4c). For example, a 
low pressure of 10 Pa could be repeatedly detected by the 3T-pore CPF 
sensor, reflecting its good sensitive capability and stability to a subtle 
pressure response. At a relative high-pressure range (6–20 kPa), the 
3T-pore CPF also presents an obvious change in resistance from 140 Ω to 
17 Ω (Fig. 4b(II)), further confirming the good detecting response for a 
wide stress range. 

To further confirm the reliability of the 3T-pore CPF, the sensitive 
parameters of the sensor were conducted. As shown in Fig. 4d, the 
current-voltage (I–V) curves of the 3T-pore CPF sensors strictly confirm 
to the Ohm’s law and its slope increases with increasing the pressure 
owing to the corresponding decrease of resistance at different pressure 

levels, indicating an outstanding reliability in the compression process. 
Further, during the cyclic compressive procedure, such sensor also 
presents a rapid response time and a recovery time, i. e ~30 ms and ~25 
ms (see Fig. 4e), respectively. This is comparable with the response of 
human skin (30–50 ms) [61,62], indicating an excellent response 
behavior. To evaluate the reproducibility of the sensor, the ΔR/R0 re-
sponses as a function of time during the compressing-releasing cycles 
were also investigated. The ΔR/R0 response to a pressure of 1 kPa ex-
hibits stable durability at frequencies ranging from 0.005 to 0.05 Hz. 
The peak variations of the response signals were almost the same in the 
different frequencies (Fig. 4f). More importantly, the sensor displays 
excellent cyclic signal even after 10000 compressing-releasing cyclic 
tests with the pressure range from 0 to 1 kPa, as indicated in Fig. 4g. The 
periodical variation of ΔR/R0 and almost same maximum ΔR/R0 values 
in each cycle well indicate a long lifetime and excellent stability of our 
sensor. 

The above excellent sensitive performance of the 3T-pore CPF is 
closely related to the structure evolution during the applied compressive 
stress and the schematic illustration is proposed and shown in Fig. 5a. 
The interconnected CNFs randomly dispersed into the PDMS matrix with 
some CNFs’ segments leaning out of wall surface can provide the initial 
conductivity of porous composites. Under a low stress level applied, 
some irregular pores on the wall of hollow-skeleton as stress concen-
tration sites would deform and cause skeleton bend to produce lots of 

Fig. 4. Pressure sensing performance of the CPF sensors: (a) Relative resistance variations of the sensors based on three different pore structures. (b-I) Relative resistance 
variation of the 3T-pore CPF sensor while loading a grain of small mung bean. The inset shows the corresponding optical image of the object. (b-II) Resistances change with 
external pressure increasing at high pressures range. (c) Relative resistance variation of the 3T-pore CPF sensor upon cyclic compress/release to pressure of 10 Pa, 55 Pa, 120 
Pa, respectively. (d) Current-voltage (I–V) curves of the 3T-pore CPF sensor under different pressure conditions. (e) Relative current variation of the 3T-pore CPF sensor during 
a loading and unloading process; the insets show magnified images of the response edges during loading and unloading. (f) Relative resistance variation of the 3T-pore CPF 
sensor at different compression frequencies under 1 kPa pressure. (g) The reproducibility test of the 3T-pore CPF sensor for 10000 cycles with the pressure range from 0 to 1 kPa. 
Insets: magnified view of 5 cycles for the early, middle and end stages, respectively. 
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new contacts of adjacent outside/inside wall at/near the bending points 
(Fig. 5a(I)), as the bending behavior of the bamboo shown in Fig. 1a. 
This structure evolution is supported by the observed structure change, 
as shown in Fig. 5b. The deformation of the irregular pores generates lots 
of new conductive paths when adjacent outside/inside walls contact to 
each other at/near the bending points even at a tiny stimulus. Mean-
while, the large pore structure provides sufficient space for above de-
formations. Consequently, these new contacts effectively provide lots of 
conductive paths, producing the ultra-high sensitivity (i.e. the obvious 

resistance change) of the 3T-pore CPF under the 0–1 kPa shown in 
Fig. 4a. With further increasing the stress level, the contact areas should 
continue to increase since the deformation degree of the large pores 
increase. At a relative high pressure range (6–20 kPa), the contact status 
of other pore’s walls changes induced by serious deformation and close 
densification of large pores, and the sinking-down of inner hollow 
channels of skeletons, which is almost same mechanism as the previous 
single-pore structural foam base sensors [28,33,43]. In this region, the 
conductive network would finally reach a stable state (the electrical 

Fig. 5. (a) Schematic illustration of the piezoresistive sensing mechanism of the 3T-pore CPF: (I) CP hollow skeletons with some irregular pores on the thin wall 
under ultra-low pressure levels; (II) large pores and hollow channels of skeletons under different pressure levels. Sinking-down and densification of large pores/ 
hollows induce the formation of some new conductive contacts. (b) SEM images of the 3T-pore CPF at initial and low-pressure compression states. 

Fig. 6. Applications of the 3T-pore CPF sensor for various physiological signals’ detection and human body motions monitoring: (a) Monitoring wrist position pulse. 
The inset shows the one cycle pulse waveform (right), where P-wave, T-wave, and D-wave can be clearly observed. (b) Respiration monitoring under normal and after 
running conditions. Inset: photograph of the sensors attached to a chest. (c) Recognition of various sound stimuli signals when the wearer spoke “Hi”, “sensor”, 
“silicon”. (d) Relative resistance variation of the sensor fixed on an index finger at four different bending-release finger motions. (e) Relative resistance variation of 
the sensor attached on the sole of the foot to detect walking states. (f) Relative resistance variation of the sensor while mounted on the fingertip picking up a peanut 
(1.23 g), a black bean (0.48 g), a mung bean (0.23 g), and a grain of rice (0.03 g). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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resistance of ~17 Ω at the loading pressure of 20 kPa) when almost all of 
the porous walls contact with each other. Moreover, the good shape 
recovery of pore structure, robust skeletons and good elasticity of CP 
rubber (in Section 3.2) endow the 3T-pore CPF based pressure sensor 
with an excellent resilience. 

3.4. Applications of 3T-pore CPF based pressure sensor 

The 3T-pore CPF based pressure sensor samples were attached to 
various positions of volunteers with transparent medical tapes, and then 
they were used for detecting various physiological signs and practical 
body motions (see Fig. 6). The regular waveforms of blood pulse of 
radial artery with a periodic heart beating of 68 times/min can be well 
detected, and the typical peaks of “P” (percussion), “T” (tidal), and “D” 
(diastolic) in each period can be clear distinguished (Fig. 6a). Interest-
ingly, an important indicator namely radial augmentation index (T/P) 
for characterizing arterial stiffness, is calculated to be 0.75, which reflect 
a healthy value for a male in a normal state (30 years old, height of 174 
cm) [63]. As shown in Fig. 6b, a sensor was attached on the chest of the 
volunteer to monitor respiration states which is also an important 
physiological signal to avoid sleep apnea. A shallow and slow pattern for 
every time breathing in normal respiration state, whereas deep and fast 
patterns after running can be accurately detected. The periodic breath-
ing generates reliable and repeatable variations in ΔR/R0. Moreover, the 
relative resistance change of the sensor shows distinguished and 
repeated patterns when the tester repeatedly pronounced “Hi”, 
“Sensor”, “Silicon” for twice, respectively (Fig. 6c), indicating its po-
tential application in voice recognition devices. 

Thanks to high sensitivity combining with good mechanical 

flexibility, the 3T-pore CPF pressure sensor exhibits various potential 
applications in wearable electronics to detect the motions in larger- 
deformation/relative high-pressure regions. As shown in Fig. 6d, the 
sensor was attached to the joint of index finger, and it would be com-
pressed when the finger was bent, leading to the raise in ΔR/R0. The 
value of ΔR/R0 further increases with the increase of the bending angles. 
Notably, the ΔR/R0 variations present favorable stability and repro-
ducibility in cyclic bending-release motions of finger at the angle of 60◦

(Fig. S5a), showing the outstanding reliability of this sensor. A sensor 
was attached on the sole of the foot to detect walking states. The 
different status (walking and running) also can be accurately and clearly 
demonstrated (Fig. 6e), which is due to the rapid and timely response of 
conductive network under the applied different strain values [64,65]. 
Moreover, the 3T-pore CPF sensor was fixed on the fingertips to detect 
the effectiveness of grasping different objects. Fig. 6f shows the resis-
tance response while picking up a peanut (1.23 g), a black bean (0.48 g), 
a mung bean (0.23 g) and a grain of rice (0.03 g), respectively. The 
magnitude of the resistance response signal decreases with the decrease 
of weight of objects. These results well demonstrate that our sensors 
possess great potential in healthcare monitoring and electronic skin. 

In order to further evaluate the sensing reliability of the 3T-pore CPF 
sample, a 5 × 5 sample arrays (1.0 × 1.0 cm2 for each pixel, and every 
pixel is connected with the copper wires in top and bottom surfaces in 
Fig. 7a) was prepared to monitorthe pressure distribution and the loaded 
object position. When the pressure sensor arrays are loaded with a metal 
weight, the color contrast map drawn according to ΔR/R0 value of each 
pixel can well reflect pressure distribution and the weight position (see 
Fig. 7b). Similarly, if a 100 mL beaker is loaded instead, the color 
contrast map also reflects its position accurately, which is depicted in 

Fig. 7. (a) Schematic diagram of the 3T-pore CPF based artificial electronic skin with 5 × 5 pixels. Photographs of (b) 100 g weight and (c) 100 mL beaker located 
onto the surface of as-prepared artificial electronic skin and corresponding maps of the estimated pressure profile over a 2D area based on the change in resistance. 
(d) Relative resistance variation of the 3T-pore CPF sensor as a function of temperature. (e) Relative resistance variation of the 3T-pore CPF sensor close to the cup 
with water at 3 ◦C, 25 ◦C and 70 ◦C, respectively. The inset shows a sensor affixed onto a wooden hand. (f, g) Resistance variations of 3T-pore CPF sensor towards 
20% and 0.005% n-hexane vapor, respectively. (h) Schematic diagram of multifunctional 3T-pore CPF sensor sensing to pressure, temperature, and volatile organic 
compounds (VOCs). 
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Fig. 7c. Clearly, this ability of 3T-pore CPF to simultaneously detect the 
weight and the position of an object provides the sensor a wide range of 
potential application in e-skin area. Apart from the pressure sensing, the 
3T-pore CPF sensor was also found to be sensitive to temperature vari-
ation and volatile organic compounds (VOCs). The sensor was put into 
the furnace chamber and the chamber’s temperature was monitored. 
The obtained relative resistance change (ΔR/R0)-temperature curve of 
the sensor from 20 to 120 ◦C was shown in Fig. 7d. The relative resis-
tance slightly changes at 20–40 ◦C and obviously decreases from − 2.3% 
to − 110% with the temperatures change from 40 to 120 ◦C. As a 
demonstration, the sensor was used to monitor the environmental 
temperatures. For instance, when a fake hand fixed with a sensor 
touches the outside wall of a cup, the resistance of the sensor is almost 
constant when the cup filled with the RT water; whereas the values of 
ΔR/R0 shows obvious increase and decrease when pouring the cold 
water (3 ◦C) and hot water (70 ◦C) into the cup, respectively (Fig. 7e). 
Furthermore, the resistance response of such sensor is applicable for 
detecting some organic vapor. As shown in Fig. 7f, the 3T-pore CPF 
sensor exhibits high sensitivity (~105 resistance change) and good 
reproducibility (except the first circle, the shape and the maximum 
responsivity of the sensor in following ten cycles are very similar, to n- 
hexane vapor with the concentration of 20% in Fig. S5b). Moreover, 
0.005% n-hexane vapor can be successfully detected with a clear signal 
of − 58% ΔR/R0 change (Fig. 7g). As shown in Fig. S6, the sensor also 
exhibits high responsivity to vapors of chloroform, carbon tetrachloride, 
and moderate responsivity to ethyl acetate and acetone. Therefore, the 
3T-pore CPF developed is applicable as a multifunctional sensor for 
detecting pressure, temperature, and VOCs. 

4. Conclusion 

In summary, we developed a flexible pressure sensor that possesses 
excellent sensitivity and mechanical reliability at a relatively wide stress 
range via bamboo-inspired hierarchical pore structures in the conduc-
tive CNF/PDMS foam. The structures were designed and tailored by 
simply adjusting the viscosity of CNF/PDMS suspension and applying 
the spin-coating process. Typically, this unique 3T-pore structure in-
cludes three different pores: large-size pore structure of several hun-
dreds of micrometers (similar shape as pores of Ni foam template), 
hollow structure of several micrometers after etching the Ni skeleton, 
micro-/nano-irregular pores on the wall of hollow skeletons. The 
pressure-stimulated deformation/recovery of porous structure for the 
3T-pore CPF can produce many new conductive pathways and effec-
tively responding to the applied pressure, thus producing higher sensi-
tivity (e.g. ~0.60 kPa− 1 at 0–1 kPa) than the corresponding 1T-pore and 
2T-pore CPFs. Moreover, the 3T-pore CPF sensor displays fast response 
(~30 ms)/recovery (~25 ms) times, favorable reliability with a wide 
frequency range and outstanding consistent performance over 10000 
cyclic compressions. The versatile application of the sensor, such as 
detection of subtle motions (physiological signs of pulse and breathing, 
pronunciation), as well as human motions generating medium pressure 
and large pressure (finger bending, gait feature and grasping different 
objects) were well demonstrated. Furthermore, the 3T-pore CPF sensor 
is also sensitive to temperature variation and volatile organic com-
pound, showing potential applications in the field of multifunctional 
wearable smart devices. 
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