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Abstract
Flexible pressure sensors as wearable electronic devices to monitor human health have attracted significant attention. Herein, 
a simple and effective carbonization-free method is proposed to prepare a compressible and conductive reduced graphene 
oxide (rGO)–modified plant fiber sponge (defined as rGO-PFS). The introduced GO can not only coat on the surface of 
plant fibers, but also form a large amount of aerogel with microcellular structure in the macroporous PFS. After reduction 
treatment, the rGO-PFS can form a double-continuous conductive network of rGO aerogel. With the improvement of poly-
dimethylsiloxane (PDMS), the rGO-PFS@PDMS composite exhibits outstanding compressibility (up to 60% compression 
strain), excellent durability (10,000 stable compression cycles at 50% strain), high sensitivity (234.07 kPa−1 in a pressure 
range of 20 ~ 387.2 Pa), low detection limit (20 Pa), and rapid response time (28 ms) for practical wearable applications.
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1  Introduction

With the prosperity of artificial intelligence and the improve-
ment of living conditions, using flexible pressure/strain 
sensors as wearable electronics to monitor human health 
has aroused increasing attention [1–3]. Numerous pressure 
sensors made of metal and semiconductor show high sen-
sitivity, fast response time, and excellent durability, but the 

applications are still limited by their rigidity and small strain 
tolerance [4, 5]. Flexible pressure sensors with outstanding 
compressibility can meet various practical applications and 
can be classified into four types, i.e., piezoelectric, capaci-
tive, triboelectric, and piezoresistive [6]. Piezoresistive 
sensor (PRS) that can transduce the external mechanical 
deformation into the resistance signal is a promising pres-
sure sensor for preparing wearable electronics, attributing 
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to its cost-efficient, simple fabrication process, and easy 
signal collection [7, 8]. In principle, excellent mechanical 
properties and reasonable electrical conductivity are very 
important when they are used as core components for fab-
ricating flexible PRS devices [9, 10]. In the past few years, 
the PRS devices fabricated by combining various conductive 
materials [e.g., organics, carbon black, carbon nanotubes 
(CNT), metal nanowires/nanoparticles, and graphene and 
its derivatives] with the elastomeric polymers [e.g., polydi-
methylsiloxane (PDMS), silicon rubber, and polyurethane 
(PU)] and endowed with a designed structure (e.g., hollow-
sphere and interlocked microstructures) via proper process-
ing techniques have been widely investigated [11–17]. These 
devices with planar structures show excellent mechanical 
properties and high sensitivity, but their practical applica-
tions are still limited by the small detection range, tedious 
fabrication process, and poor stability [8, 18, 19].

It is worth noting that several key characteristics should 
be incorporated for an ideal PRS device with high sensi-
tivity, such as high compressibility, low detection limits, 
broad detection range, and good fatigue resistance [9, 10, 
20–23]. Compared to the planar structure, conductive porous 
materials with a continuous three-dimensional (3D) network 
structure are more suitable for fabricating the PRS devices, 
ascribing to their low density, high porosity, and good com-
pression resilience. The existence of a porous structure is 
beneficial to decrease structural stiffness and remarkably 
improve the sensitivities and pressure regimes of PRS 
devices [21, 23–27]. The general strategy to construct con-
ductive porous materials is using neat conductive materials 
(e.g., CNT, carbon nanofibers, conducting polymers, and 
graphene) through a specific technique (e.g., carbonization, 
template growth, vacuum freeze-drying, hydrothermal and 
thermal annealing treatment) [27–30]. For example, Weng 
et al. [29] prepared a conductive reduced graphene oxide 
(rGO) aerogel as a PRS device using the freeze-drying tech-
nique coupled with the reduction treatment. Zhang et al. [30] 
reported a PRS device based on the 3D porous graphene 
foam, which was prepared by chemical vapor deposition of 
the graphene on copper foam (as a template) followed by 
etching the copper skeleton. The PRS devices prepared using 
these porous materials show high sensitivity, but they still 
suffer from tedious fabrication processes and high produc-
tion costs [6, 20, 27, 31, 32]. The other strategy to prepare 
the conductive porous materials as PRS devices is to fill the 
conductive materials into a 3D porous polymer via a sim-
ple and efficient dip-coating process. The prepared sponges 
simultaneously possess the electrical conductivity of con-
ductive materials and the elasticity and compressibility of 
polymers. Especially, their conductivity can be controlled by 
adjusting the content of conductive materials [6, 20, 27, 33].

Until now, various kinds of conductive fillers (e.g., CNT, 
rGO, metallic nanoparticles and nanowires, carbon black 

particles, and conductive polymers) have been used to mod-
ify the insulating polymer sponges (e.g., PDMS foam, ther-
moplastic PU foam, commercial PU and melamine sponges) 
[24, 34–37]. These cost-effective fabrications of conductive 
porous materials have been used to prepare the PRS devices, 
which show high sensitivity and excellent compressibility. 
Nevertheless, there are still some intractable problems hin-
dering their applications, such as poor structural stability 
caused by the weak adhesion between the conductive mate-
rials and polymers and production of secondary pollution 
from the nondegradable polymer subtracts [8, 18, 19].

Another strategy to prepare the conductive porous mate-
rials is carbonized biomass materials, which exhibits typi-
cal porous structures (e.g., vessel channels and pits) due 
to the transportation of water and nutrients for their pho-
tosynthesis [28, 38–41]. Numerous biomass-based materi-
als have been used as sustainable carbon sources to create 
conductive porous materials, such as delignified wood [28], 
hydrothermally treated watermelon and winter melon [42], 
cotton fabric [43, 44], and cellulose/chitosan aerogel [45, 
46]. The carbonized materials with satisfying conductivity 
can be directly used as a core component to fabricate the 
PRS devices, which can avoid tedious and environment-
unfriendly problems [28]. However, due to the structural 
deformation during high-temperature carbonization, bio-
mass-derived porous materials always show obvious brittle-
ness and poor compression resilience. When directly applied 
to PRS devices, they cannot meet the requirements of appli-
cations in PRS accompanied by high-pressure sensitivity, 
excellent mechanical properties, and structural stability [43]. 
Considering that biomass materials are natural, low-cost, 
environmentally friendly, and renewable resources, their use 
as the carbon source to create 3D porous materials is still the 
mainstream research in flexible PRS. Consequently, devel-
oping a simple, cost-efficient, sustainable, and universal 
carbonization-free strategy is imperative to fabricate high-
performance PRS based on natural biomass materials.

In this work, a simple and effective carbonization-free 
method was proposed to fabricate a compressible and con-
ductive rGO-modified plant fiber sponge (defined as rGO-
PFS), and its potential application in PRS with outstand-
ing sensing performances was demonstrated. At first, plant 
fibers with numerous hydroxyl (-OH) groups were used as 
building blocks to construct a porous PFS through a con-
venient physical foaming strategy [47]. It is well known 
that low-cost and hydrophilic plant fibers are attractive for 
excellent mechanical strength and elasticity but electrically 
nonconductive [24, 48]. Owing to the unique structure, 
excellent mechanical properties, and high manipulability, 
GO aqueous dispersion was used to modify the PFS (defined 
as GO-PFS) by simple dip-coating and freeze-drying treat-
ment. The introduction of GO can not only coat on the plant 
fibers’ surface, but also form the continuous GO aerogels 
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with microcellular structure in the macroporous PFS. After 
reduction treatment, the electrically insulating GO-wrapped 
plant fibers and GO aerogels can be transformed into porous 
conductive materials, resulting in the formation of a dou-
ble-continuous conductive network in rGO-PFS. With the 
improvement of PDMS, the flexible rGO-PFS@PDMS 
composite exhibited outstanding compressibility (up to 60% 
compression strain), excellent durability (10,000 stable com-
pression cycles at 50% strain), high sensitivity (234.07 kPa−1 
in a pressure range of 20 ~ 387.2 Pa), low detection limit (20 
Pa), and rapid response time (28 ms). More importantly, 
rGO-PFS@PDMS-based PRS can be used to monitor human 
physiological signals, such as finger bending, knee move-
ments, facial expression, phonation, and even pulse wave.

2 � Experimental methods

2.1 � Materials and chemicals

Kraft pulp was obtained from Tembec Inc., Canada. The 
chemicals of potassium permanganate (KMnO4), sodium 
nitrate (NaNO3), sulfuric acid (H2SO4), hydrogen peroxide 
(H2O2), hydrochloric acid (HCl), polyvinyl acetate (PVAc), 
sodium dodecyl benzene sulfonate (SDBS), PDMS, and 
dichloromethane were purchased from Sinopharm Chemical 
Regent Co., Ltd. (China). All of the components and chemi-
cals were used as received without any additional purification.

2.2 � Preparation of GO aqueous dispersion 
and rGO‑PFS@PDMS

The GO aqueous dispersion was prepared using a modified 
Hummers’ method [47]. First, the flake graphite was mixed 
with KMnO4 and NaNO3 under aggressive stirring. Then, 
the H2SO4, H2O2 solution, and diluted HCl solution were 
successively added to the mixture. Finally, the resulting 
solution was washed several times with deionized (DI) water 
before being stored in a refrigerator for later use.

To prepare the PFS, 10 g of dry pulp fiber was defibered 
with 120 mL of DI water. Then, 5 g of PVAc emulsion and 
5 mL of 10% aqueous SDBS solution were successively 
added to the pulp mixture with vigorous stirring for ~ 2 min. 
When the foam volume of the pulp mixture reached a desig-
nated value, it was poured into the prepared mold and dried  
in an oven at a temperature of 95 °C for ~ 8 h. Following that,  
the obtained PFS were immersed into GO dispersion with 
different concentrations, including 3 mg mL−1, 6 mg mL−1, 
9 mg mL−1, and 12 mg mL−1. When saturated with GO 
dispersion, the samples were taken out and freeze-dried 
for ~ 48 h to obtain GO-PFS. Then, GO-PFS was reduced 
in an oven at 195 °C for ~ 2 h to obtain black rGO-PFS [49]. 
Finally, the rGO-PFS was treated with a 30 wt% PDMS/

dichloromethane solution via a simple dip-coating method 
and dried at 80 °C for 30 min to prepare a compressible and 
conductive rGO-PFS@PDMS composite.

2.3 � Characterization

The morphology of samples was carried out by scanning elec-
tron microscopy (SEM, Zeiss SIGMA), atomic force micros-
copy (AFM, Seiko Instrument), and transmission electron 
microscopy (TEM, TECNAI F-30). The chemical structure 
of samples was analyzed by an X-ray diffraction analyzer 
(XRD, X’Pert-Pro MPD, Philips-FEI) and a Raman spectrom-
eter (DXR2xi). The thermogravimetric (TG) and differential 
TG (DTG) curves of samples were obtained from a thermo-
gravimetric analyzer (TGA, NETZSCH STA 449F3). Fourier 
transform infrared spectrometer (FT-IR, Thermo Nicolet6700) 
was used to determine the chemical functional groups. The 
mechanical properties of samples were tested using a mechan-
ical testing machine (UTM 2203). Additionally, the rGO-
PFS@PDMS composite was sandwiched between two pieces 
of thin copper foils (as electrodes) to track their piezoresistive 
sensing performance by using the electrochemical workstation 
(CHI 760E) and digital bridge (TH 2830).

2.4 � Finite element simulations

To offer a mechanistic understanding of rGO-PFS@PDMS, 
the deformation performance of PFS@PDMS with macropo-
rous structure and rGO-PFS@PDMS with microcellular struc-
ture was simulated by finite element (FE) method. Both the 
PFS and rGO-PFS@PDMS modeling were meshed using the 
CPS4R, a 4-node bilinear plane stress quadrilateral element. 
The thickness of channel walls in PFS structural modeling 
was roughly kept the same as that of the curved layer in the 
rGO-PFS@PDMS structural modeling, while the same length 
diameter (20 length units), short diameter (10 length units), 
and thickness (2 length units) throughout the modeling was 
strictly maintained. The elastic properties of Young’s modulus 
and Poisson ratio were set to 5 GPa and 0.2, respectively.

2.5 � Human motion and sensory array detection

To demonstrate the application of rGO-PFS@PDMS as a 
wearable PRS device, it was cut into a rectangular solid with 
a size of 10 × 10 × 2 mm3 and connected by copper foils. 
To monitor/collect human motions, it was fixed on a com-
mercial woundplast and attached to certain body parts (e.g., 
face, neck, finger, arm, wrist, and knee). Here, a constant 
voltage of 3 V was applied to the sensor for piezoresistive 
sensing performance testing. The resistance changes caused 
by the various human motions were recorded by a digital 
bridge (TH 2830). Additionally, a 4 × 4-pixel sensor array 
was prepared by mounting 16 pieces of rGO-PFS@PDMS 
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(10 × 10 × 2 mm3) on a flexible polyethylene glycol tereph-
thalate (PET) substrate to evaluate their tactile sensing capa-
bility. Each sensor in the sensor array was connected by cop-
per tape as the common electrode. When a balance weight 
was placed on the sensor array’s surface, their resistance 
changes were recorded in real time by the digital bridge.

3 � Results and discussion

To use the nonconductive and environmentally friendly 
PFS as a porous frame material for fabricating a compress-
ible and conductive porous material, a simple and effec-
tive carbonization-free method is proposed, including GO 
dispersion dipping/drying/reduction and PDMS dip-coating 
treatment (as shown schematically in Fig. 1). At first, the 
milk-white PFS with 3D network structure was prepared by 
the mechanical foaming strategy (Fig. 2a) [24]. The thin 
GO nanosheets (~ 1.5 nm in thickness) in aqueous disper-
sion were prepared by the modified Hummers’ method 
(Figs. S1, S2). Then, the PFS with numerous -OH groups 
were immersed into GO dispersion with different concen-
trations. Due to the existence of functional groups at the 
edge of GO nanosheets (e.g., -OH groups, epoxy groups, 
and carboxyl groups), the plant fibers can tightly adsorb GO 
nanosheets via the formation of hydrogen bonds and form 
a good connected interface (Fig. S3). When saturated with 
GO dispersion, the samples were taken out and freeze-dried 
to obtain GO-PFS. Notably, when the GO nanosheets were 
covered on plant fibers, the color of PFS changed from milk 
white to brown. After that, the GO-PFS was placed in an 
oven with a high temperature for thermal reduction treat-
ment. When the functional groups were removed, a black 
and conductive rGO-PFS composite was obtained (Fig. 2a). 
To describe the interaction between plant fibers and GO 

nanosheets, a possible intimate interaction mechanism was 
proposed and presented in Fig. 1b. Finally, the rGO-PFS was 
further encapsulated with a PDMS layer via a simple dip-
coating method, resulting in a compressible and conductive 
rGO-PFS@PDMS composite. This method is simple and 
highly reproducible, where numerous rGO-PFS@PDMS 
(~ 0.08 g cm−3) with a size of 6 × 6 × 2 cm3 can be easily 
prepared (Fig. 2a).

As shown in Figs. 2b and S4, the PFS is composed of a 
hierarchical porous structure (ranging from tens of microm-
eters to hundreds of micrometers in size) as a result of the 
introduction of bubbles during the foaming. When the rGO 
nanosheets are introduced, the pore structure of rGO-PFS 
becomes more compact and uniform (Figs. 2c and S5). This 
is because the introduction of GO can form a large amount 
of aerogel filling in the porous structure of PFS, resulting in 
a continuous conductive network in rGO-PFS (Fig. 2d, e). 
The high-resolution SEM image shows each plant fiber is 
compactly coated by the rGO nanosheets, which is beneficial 
to promote the rapid electron transport for each plant fiber 
(Fig. 2f). More importantly, the rGO nanosheets perpendicu-
lar to the plant fibers are similar to a “screw thread,” which 
may be beneficial for improving the sensitivity of rGO-PFS 
based PRS [20, 32]. To further confirm the reduction of 
GO nanosheets and the deposition of rGO in PFS, the TGA, 
DTG, FTIR, Raman, XRD, and XPS spectra were carried 
out. As shown in Fig. S6a, the total weight loss of PFS is 
as high as 78.3%, whereas the rGO-PFS is only 58.1%. The 
DTG curves show that the maximum decomposition peak  
of rGO-PFS is decreased from 335 to 300°C, ascribing to 
the reduction of GO on PFS (Fig. S6b). Compared to the 
FTIR spectrum of PFS, the wavenumbers of GO-PFS around  
1750 cm−1, 1640 cm−1, and 1250 cm−1 are significantly 
increased, ascribing to the C = O stretching vibrations, 
C = C vibrations, and C − OH stretching vibrations, respec-
tively (Fig. S7). In the FTIR spectrum of rGO-PFS, the 
intensity of C = O and C − OH stretching vibrations peak 
is decreased, where the intensity of C = C vibrations peak 
is further increased, attributing to the removement of the 
functional groups during the thermal reduction treatment  
[50]. The Raman spectra of GO-PFS and rGO-PFS clearly 
show the characteristic D-band (~ 1340 cm−1) and G-band 
(~ 1580 cm−1) of graphite, which are absent in the Raman 
spectra of PFS (Fig. 2g). It is worth noting that the ID/IG 
value of GO-PFS is increased from 0.83 to 1.04 (rGO-
PFS), indicating the reduction of GO nanosheets to rGO 
nanosheets in PFS [36]. This phenomenon is also confirmed 
by the XRD measurements. In the XRD pattern of PFS, the 
peaks around 18.0°, 22.5°, and 35.0° can be ascribed to the 
characteristic (101), (002), and (040) peaks of fiber crystal-
line structure [51]. In contrast, an additional peak around 
9.5° is clearly observed in the XRD pattern of GO-PFS, 
which can be ascribed to the characteristic peaks of GO 

Fig. 1   a Schematic diagram shows the preparation of rGO-PFS@
PDMS; b the possible reaction mechanisms between plant fibers and 
GO nanosheets
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(Fig. 2h). When the GO-PFS is treated at high temperature, 
the characteristic peaks of GO disappears, demonstrating the 
reduction of GO in PFS. Furthermore, the surface chemical 
properties of PFS, GO-PFS, and rGO-PFS have been stud-
ied by XPS analysis (Fig. 2i). In the C1s spectrum of PFS, 
the peaks around 285 and 286.5 eV are corresponding to 
the C = C/CHx and C-O groups, respectively. The intensity 
of the C = C/CHx and C-O peaks in the C1s spectrum of 
GO-PFS are stronger than that of PFS. And an additional 
peak around 288.5 eV is clearly observed in the C1s spec-
trum of GO-PFS, which can be ascribed to the characteristic 
peaks of O = C − O/C = O groups. As expected, the peaks 
around 286.5 and 288.5 eV are disappearing after the reduc-
tion of GO-PFS. All the above results confirm that the GO 
nanosheets have deposited in the porous structure of PFS 
and been reduced into rGO nanosheets.

Considering that the piezoresistive sensing performance 
of rGO-PFS is directly affected by its structure and electri-
cal conductivity, an important synthesis parameter of GO 

dispersion concentration is optimized in this study. As shown 
in Fig. S8, the rGO-PFS treated by the various concentra-
tions of GO dispersion shows a different conductivity. When 
GO dispersion is not used, the PFS shows a nonconductive 
composite. The rGO-PFS with a concentration of 3 mg mL−1 
exhibits only a low conductivity of ~ 0.52 μS cm−1. This is 
because a loosened rGO porous structure is formed in PFS 
under the low GO dispersion concentration, resulting in the 
formation of a discontinuous conductive network (Fig. S9). 
With the increase in GO dispersion concentration, the conduc-
tivity of rGO-PFS dramatically increased. Here, the rGO-PFS 
with a GO dispersion concentration of 9 mg mL−1 exhibits a 
relatively high conductivity of ~ 22.08 μS cm−1. When the GO 
dispersion concentration exceeds 9 mg mL−1, the conductivity 
of rGO-PFS can be increased. However, GO dispersion is dif-
ficult to penetrate the interior structure of PFS, which is del-
eterious to the compressibility and conductivity of rGO-PFS 
(Fig. S10). Consequently, the GO dispersion concentration 
used in this study is controlled to be 9 mg mL−1.

Fig. 2   a Optical images of PFS, GO-PFS, and rGO-PFS; b SEM image of PFS; c–f SEM images of rGO-PFS; g Raman spectra, h XRD spectra, 
and i XPS spectra of PFS, GO-PFS, and rGO-PFS
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Mechanical robustness with desirable compressibility is 
critical for sponge-like materials in PRS applications [10]. 
Benefiting from the construction of rGO microcellular 
structures in the macroporous PFS, the elastic rGO-PFS@
PDMS composite demonstrates a favorable mechanical 
compressibility with a relatively high compressive strain 
(ε) of ~ 60%. As shown in Fig. 3a, rGO-PFS@PDMS can 
be repeatedly compressed and recover fast to its original 
height upon the release of applied loading, demonstrating 
its good elasticity. To evaluate the mechanical performance 
of rGO-PFS@PDMS more quantitatively, the correspond-
ing compressive stress–strain (σ-ε) curves were measured 
under different applied ε ranging from 20 to 60% (Fig. 3b). 
Similar to most of reported sponge-like materials, the σ-
ε curves of rGO-PFS@PDMS demonstrate three typical 
regions during the loading process: (1) a rather linear elas-
tic region when ε < 10%; (2) a plateau region within a ε 

of 10–40%, attributing to the bending and buckling of the 
porous skeleton; (3) a nonlinear region with sharply increas-
ing of σ when ε > 40%, causing by the crushing of porous 
skeleton [28, 51]. In the release process, the rGO-PFS@
PDMS can almost recover to its original shape without any 
remaining compressive stress. Even with a high compres-
sive strain of 60%, the rGO-PFS@PDMS can still remain 
an intact structure and shows a relatively low σ of 148 kPa, 
indicating its good elastic compressibility [24]. Cyclic com-
pression-release tests carried out at a ε of 50% show almost 
no plastic deformation in each cycle, whereas the PFS@
PDMS shows an obvious plastic deformation, indicating the 
excellent structural stability of rGO-PFS@PDMS (Figs. 3c, 
d, and S11). The energy loss coefficient of PFS@PDMS 
calculated from each cycle decreases from the first cycle of 
0.55 to the 10,000th cycle of 0.37. By contrast, the energy 
loss coefficient of rGO-PFS@PDMS only decreases from 

Fig. 3   Mechanical properties of rGO-PFS@PDMS: a optical images 
show the compression and recovery process; b compressive stress–
strain curves at different strains; c compressive stress–strain curves 
of 1st, 100th, 1000th, 5000th, and 10,000th cycles at 50% strain; d–e 
Height retention and energy loss coefficient during 10,000 cycles at 

50% strain; f schematic diagrams show the loading points of PFS@
PDMS and rGO-PFS@PDMS; g stress distribution of PFS@PDMS 
and rGO-PFS@PDMS porous structure models in the compressive 
process simulated by the finite element analysis at a set strain of 50%
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the first cycle of 0.33 to the 10,000th cycle of 0.29, which 
is superior to most of the reported sponge-like materials 
(Figs. 3e, S12, and Table S1) [24, 28, 51–56].

The improvement of mechanical property of rGO-PFS@
PDMS can be ascribed to the construction of rGO microcel-
lular structures in the macroporous PFS, which will provide 
more loading points to disperse the external stress than that 
of PFS (Fig. 3f). To offer a mechanistic understanding for 
the high compressibility of rGO-PFS@PDMS, a FE mod-
eling is carried out to simulate the deformation performance 
of the rGO-PFS@PDMS with microcellular structure and 
compare it with that of PFS with macroporous structure. The 
simulated FE models were built based on the SEM images 
of the PFS (Fig. 2b) and rGO-PFS@PDMS (Fig. 2c). The 
simulation results show that the stress distribution of PFS@
PDMS and rGO-PFS@PDMS is correlated with their struc-
tures. The stress of PFS@PDMS is mainly concentrated on 
the plant fibers’ body and their joints (Fig. 3g). The stress 
concentration easily causes the severe deformation and col-
lapse of the open macroporous structure, resulting in the 
permanent damage in the cellular walls at a large compres-
sive loading and cannot be recovered upon the release of 
compressive loading. In comparison, the rGO-PFS@PDMS 
with microcellular structures show low stress on the plant 
fibers’ body, where the stress is distributed on the whole 
porous structure body and reduced the stress concentration 
(Fig. 3g). The closely aligned rGO nanosheets in the internal 
structure are very tightly connected with the macroporous 
structure of PFS. When subjected to high compressive load-
ing, the introduction of small rGO cells in PFS will disperse 
force under compression, resulting in a rather regulated and 
coordinated deformation of the cellular walls [20, 32]. The 
FE simulation results are in good agreement with the experi-
mental observation and tests of rGO-PFS@PDMS.

It is well known that the resistance change (ΔR = R0 − R, 
where R0 and R represent the resistance without and with 
applied stress) of porous materials is mainly caused by the 
deformation of their conductive networks under various 
external pressures. To make the rGO-PFS@PDMS usable 
as sensing materials for fabricating wearable and durable 
PRS devices, owning a sensitive conductive network and 
excellent piezoresistive sensitivity is also an indispensable 
parameter as well as excellent structural stability [9]. To 
evaluate the electrical conductivity and piezoresistive sen-
sitivity of rGO-PFS@PDMS, it was assembled into a sim-
plified flexible PRS device by sandwiching the rGO-PFS@
PDMS with a pair of copper tapes. Then, this PRS device 
was connected in series with a LED light and a power sup-
plier with an applied voltage of 3 V (Fig. 4a). As shown in 
Fig. 4b, the LED light shows almost no brightness without 
external pressure. With the increasing compressive strain, 
the brightness of the LED light gradually increases, owing to 
the increased conductivity of the rGO-PFS@PDMS sensor. 

To optimize the piezoresistive performance, the rGO-PFS@
PDMS sensor was prepared by changing the GO dispersion 
concentration of 6, 9, and 12 mg mL−1. As shown in Fig. 4c, 
the rGO-PFS@PDMS sensor treated by a GO dispersion 
concentration of 9 mg mL−1 shows the highest on/off resist-
ance variation ratio [ΔR/R0 = (R0 − R)/R0], indicating an opti-
mal porous structure and conductive network of rGO-PFS@
PDMS. This result is consistent with the above-mentioned 
electrical conductivity optimization. As such, the optimal 
GO dispersion concentration of 9 mg mL−1 is selected to 
fabricate the rGO-PFS@PDMS.

With the optimized preparation parameters, the rGO-
PFS@PDMS shows a considerable resistance variation ratio. 
As shown in Fig. 4d, the ΔR/R0 of rGO-PFS@PDMS rapidly 
increased when it was subjected to an external pressure. The 
reduction of resistance is apparently caused by the increased 
amount of contact sites during compressive deformation in 
the microcellular structures of rGO-PFS@PDMS. In the 
compression process, the ΔR/R0 exhibits three different 
regions, including rapid increase region (ε < 5%), moderate 
response stage (5% < ε < 10%), and relatively stable region 
(ε > 10%). Especially, the rGO-PFS@PDMS sensor shows 
a high ΔR/R0 of 90.6% at a small compression strain of 5%. 
Due to the excellent mechanical stability, the rGO-PFS@
PDMS sensor can almost recover to its original state when 
the external pressure is removed. The rGO-PFS@PDMS 
sensor exhibits a high piezoresistive sensitivity, which can 
be defined as Sp (%) = (ΔR/R0)/ΔP × 100% (ΔP represents 
the external pressure) [10]. As shown in Fig. 4e, the ΔR/R0 
increases from a low pressure of 20 Pa, and the correspond-
ing Sp exhibits two different regions. In the low-pressure 
region (< 387.2 Pa), the rGO-PFS@PDMS sensor shows a  
high sensitivity value of 234.07 kPa−1, while only 0.01 kPa−1  
is obtained in the high-pressure region (> 387.2 Pa). 
Additionally, the rGO-PFS@PDMS sensor exhibits rapid 
response and recovery time of 28 ms and 76 ms, which 
are higher than that of many PRS devices reported previ-
ously (Figs. 4f and Table S2) [6, 8, 9, 20, 24, 26, 27, 31, 32, 
57–61]. The high piezoresistive sensitivity, low detection 
limit, and rapid response time can be ascribed to the random 
distribution of numerous “screw thread” (rGO nanosheets) 
in the microcellular structures of rGO-PFS@PDMS. As 
shown in Fig. 4g, the rGO nanosheets can be mutually con-
nected to each other via a “point-to-point” mode within a 
small ε ranging from 0 to 5%. As ε increases to 10%, the 
contact mode is changed into the “point-to-face,” resulting 
in the continuous reduction of resistance. When the ε further 
increases to 20%, the reduction of resistance is mainly rely-
ing on the typical “face-to-face” mode. Consequently, the 
rGO-PFS@PDMS with microcellular structure demonstrates 
an obvious ΔR/R0 and a high Sp at a low compressive strain.

As shown in Fig.  5a, the current–voltage (C-V) 
curves of the rGO-PFS@PDMS sensor under different 
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compression strains were carried out at voltage ranges 
from − 0.5 to 0.5 V. All of the C-V curves show a good 
linear ohmic behavior, demonstrating the stable resistance 
characteristic of rGO-PFS@PDMS under constant pres-
sure. When a constant frequency of 0.1 Hz is applied to the 
rGO-PFS@PDMS sensor, the various ΔR/R0 values can be 
collected under the different strains of 1%, 2.5%, 5%, and 
10%. When the frequency is fixed, a stable ΔR/R0 value 
can be collected under a constant strain (Fig. 5b). Remark-
ably, the ΔR/R0 values can also be maintained under the 
different frequencies of 1.0, 0.5, and 0.1 Hz at a constant 
strain of 5% (Fig. 5c). Additionally, the ΔR/R0 values of 
rGO-PFS@PDMS sensor obtained from the 4000 cyclic 
compressing-releasing processes at a compression strain 
of 5% is used to evaluate its mechanical stability and dura-
bility. As shown in Fig. 5d, the ΔR/R0 values maintain a 
relatively stable level during the cyclic test, indicating a 

stable signal output and can be a potential candidate for 
monitoring human physiological signals.

To demonstrate the practical application of rGO-PFS@
PDMS as a wearable electronic, a tailored rGO-PFS@
PDMS with a size of 10 × 10 × 2 mm3 was fixed on a wound-
plast as a PRS device. As shown in Fig. 6a, the rGO-PFS@
PDMS-based PRS device is attached to the different parts of 
the human body surface for detecting various physiological 
signals, such as finger tap, finger/knee/wrist bending, cheek 
bulging, vocal vibration, and wrist pulse waves. This device 
shows no resistance change in the absence of any external 
pressure function (Fig. S13). When it is tapped by the fin-
ger, the uniform sharp peaks of ΔR/R0 signals caused by 
the structure deformation of rGO-PFS@PDMS during the 
repeated compressed processes can be precisely collected, 
indicating the good sensitivity and rapid response time of the 
PRS device (Fig. 6b). To collect the ΔR/R0 signals caused by 

Fig. 4   a–b Diagram and photographs of the LED light with rGO-
PFS@PDMS sensors under various compressive strains; c resistance 
change curves of the rGO-PFS@PDMS sensor with different GO dis-
persion concentration under constant pressures; d–e resistance change 

with respect to strain and pressure curves of rGO-PFS@PDMS sen-
sors; f response time curves of rGO-PFS@PDMS sensors; g sche-
matic diagrams show the structure changes of rGO-PFS@PDMS 
under different compressive strains
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the repeated finger bending, this device is also attached to 
the finger joint. When the finger is bent, the structure defor-
mation will be produced by the bending of the PRS device, 
which will change its resistance. As shown in Fig. S14, a 
gradient increase of ΔR/R0 signals can be clearly observed 
with the increasing of finger bending angles. It is worth not-
ing that a constant ΔR/R0 value corresponding to specific 
finger bending angles (e.g., 0°, 30°, 45°, 60°, and 90°) and 
a highly repeatable ΔR/R0 value during the repeated straight-
ening and bending with constant finger bending angles (e.g., 
ranging from 0° to 45° and ranging from 0 to 90°) can be 
precisely collected by the device (Fig. 6c). Additionally, the 
repeatable and rapid ΔR/R0 signals caused by the repeated 
straightening and bending of others human body parts (e.g., 
knee and wrist joints) can also be precisely collected, indi-
cating that the rGO-PFS@PDMS sensor can be used for 
real-time and dynamic human motion detection (Fig. 6d, e).

Due to the high piezoresistive sensitivity and low detec-
tion limit, the PRS device can be further used to collect 
the faint output signals obtained from tiny human motions. 
For example, when attaching the device to the human 
face, the repeatable ΔR/R0 signals can be clearly detected 
from the facial expression caused by the repeated cheek 
bulging (Fig. 6f). The distinct and repeatable signals pro-
duced by the speaking of different words (e.g., “A”, and 
“Carbon”) can also be detected after attaching the device 
to the human throat, indicating the potential application 
of the device in phonetic recognition (Fig.  6g). More 

importantly, the device can be attached to the human wrist 
for pulse waveform detection. As shown in Fig. 6h, the 
distinct and regular waveform signals produced by wrist 
pulses are recorded with a normal waveform periodicity 
of ~ 68 beats min−1. The shape of pulse waveform curves 
collected by the device is consistent with the reported PRS 
devices and shows three typical characteristic peaks of 
percussion wave (P), tidal wave (T), and diastolic wave 
(D) [20]. Results indicate that the rGO-PFS@PDMS sen-
sor is a promising wearable electronic device for real-time 
human health monitoring.

To further demonstrate the practical application, the 
rGO-PFS@PDMS sensor is connected in series with an 
AVO meter (OW18E) containing a Bluetooth system for 
real-time output signals collection (Fig. S15). As shown in 
Fig. S16, the real-time ΔR/R0 signals can be detected by the 
AVO meter and rapidly received and displayed on the phone 
through the Bluetooth system. Additionally, to demonstrate 
the tactile sensing applications, a pressure sensor array 
was fabricated by fixing 16 pieces of rGO-PFS@PDMS 
(10 × 10 × 2 mm3) onto a flexible PET substrate with a 
4 × 4-pixel array as a flexible multi-touch device (Fig. S17). 
As shown in Fig. S18, the 3D resistance variation signals’ 
mapping corresponding to the surface pressure distribution 
is clearly recorded by the sensory array after placing various 
balance weights on its surface, demonstrating the potential 
application of the rGO-PFS@PDMS sensor in tactile sens-
ing and human–machine interaction systems.

Fig. 5   a Current–voltage curves 
of rGO-PFS@PDMS sensors 
under various applied pressures. 
b–d Resistance variation under 
different strains at a frequency 
of 0.1 Hz, different frequen-
cies at a compression strain 
of 5%, and 4000 continuous 
compressing-releasing cycles 
with a frequency of 1 Hz at 5% 
compression strain
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4 � Conclusions

In summary, a simple and effective carbonization-free 
method is proposed to prepare a highly compressible and 
conductive rGO-PFS@PDMS as wearable PRS devices. 
Owing to the introduction of rGO aerogel with microcel-
lular structure in the macroporous PFS and the encapsula-
tion of PDMS, the rGO-PFS@PDMS composites with a 
double-continuous conductive network exhibit outstand-
ing compressibility (up to 60% compression strain), excel-
lent durability (10,000 stable compression cycles at 50% 
strain), high sensitivity (234.07 kPa−1 in a pressure range 
of 20 ~ 387.2 Pa), low detection limit (20 Pa), and rapid 
response time (28 ms). Consequently, the rGO-PFS@
PDMS can be used as PRS devices for monitoring human 
physiological signals, such as finger bending, knee move-
ments, facial expression, phonation, and even pulse waves. 
The fabricated method used in this work provides a new 
route to design and prepare biomass porous materials, 
which shows the great potential for practical application 
in wearable electronics.
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