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Abstract
Graphene is complexed with cellulose �bers to construct 3D aerogels, which is generally considered to be
an environmentally friendly and simple strategy to achieve wide sensing, high sensitivity and low
detection of wearable piezoresistive pressure sensors. Here, graphene is incorporated into waste paper
�bers with cellulose as the main component to prepare graphene coated waste paper aerogel (GWA)
using a simple “�ltration-oven drying” method under atmospheric pressure. The GWA was further
annealed to obtain the carbonized graphene coated waste paper aerogel (C-GWA) to achieve low density
and excellent resilience. The result shows that the C-GWA has a rough outer surface due to the 3D
structure formed by interpenetrated �bers and the carbon skeleton with wrinkles. The sensor based on
GCA shows low density (25mg/cm3), a wide detection range of 0-132 kPa, an ultra-low detection limit of
2.5 Pa (a green bean, ≈ 53.4 mg), and a high sensitivity of 31.6 kPa− 1. In addition, the sensor based on C-
GWA with the excellent performance can be used to detect human motions including the pulse of the
human body, cheek blowing and bending of human joints. The result indicates that the sensor based on
C-GWA shows great potential for wearable electronic products.

1 Introduction
In recent years, wearable pressure sensors have been potentially applied in the �elds of electronic
skin(Cao et al. 2021), software robots(Zhan et al. 2017) and human health monitoring(Chen et al. 2020a;
Zhang et al. 2020a). Piezoresistive pressure sensors have attracted great attention due to their easy
preparation, simple readout mechanism, low power consumption and convenient signal
acquisition(Huang et al. 2021a; Peng et al. 2020). In practical application, wearable pressure sensors with
ultra-low detection limit, high sensitivity, wide detection range and long-term durability are very
important(Wang et al. 2020). In order to realize the excellent performance of piezoresistive pressure
sensors, the innovative structure strategy of constructing three-dimensional (3D) and porous conductive
aerogels has been developed(Bi et al. 2020; Wang et al. 2020). These 3D and porous conductive aerogels
have the advantages of large speci�c surface area, light weight, and large compressed space, and have
become a promising material for wearable piezoresistive pressure sensors(Si et al. 2016; Xiao et al.
2019).

Excellent mechanical elasticity, high compressibility, and good conductivity are essential requirements for
3D and porous conductive aerogels that may be used in wearable pressure sensors(Ding et al. 2019).
Functional soft materials (such as dimethyl siloxane (PDMS)(Sun et al. 2021b), polyurethane (PU)(Hodlur
and Rabinal 2014) and polystyrene (PS)(Zhang et al. 2016)) as the skeleton to construct 3D and porous
conductive aerogels is commonly used strategy to achieve the excellent mechanical elasticity and high
compressibility of aerogels(Salzano de Luna et al. 2019). However, these petroleum-based functional soft
materials are not only expensive, but also bring a series of environmental problems(Wei et al. 2021). In
recent years, cellulose �bers as the skeleton to construct 3D and porous conductive aerogels have been
widely used in wearable pressure sensors(Chen et al. 2020b; Wu et al. 2013). Cellulose �bers extracted
from biomass materials contain absolute hydroxyl groups and a high aspect ratio, which contribute to the
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formation of a stable 3D network structure(Chen et al. 2020c). Waste paper is a common biomass waste
and the main component is cellulose. Nowadays, waste paper was mainly reused for paper pulp in paper-
making industry. However, �ber strength of regenerated paper decreased gradually after recycling
treatment and use(Li et al. 2018). Thus, new techniques for the applications of waste paper to produce
high value-added products such as bioethanol(Al-Azkawi et al. 2019), gaseous fuels(Yamaguchi et al.
2010), oil absorbents(Jin et al. 2015), electrodes(Ye et al. 2015) has been developed. If waste paper �bers
extracted from waste paper are used as the skeleton for constructing 3D porous conductive aerogels, not
only the economic and environmental bene�ts improve, but also the aerogels show a stable 3D structure
for pressure sensors.

The conductivity of 3D porous cellulose aerogels is usually achieved by incorporating conductive �llers
into the aerogels(Huang et al. 2019). Carbon materials have excellent prospects due to their perfect
conductivity and high chemical stability(Das et al. 2020). Graphene as one of carbon materials has the
characteristics of high surface area, excellent mobility, high conductivity, good thermal conductivity and
strong mechanical strength(Wei and Qu 2012), which are better than other carbon-based materials(Pang
et al. 2018). Graphene can be incorporated into waste paper �bers to build a 3D porous conductive
aerogel with good conductivity and stability. However, there are no reports about graphene incorporated
into waste paper �bers to prepare aerogels for piezoresistive sensors.

In this work, waste paper �bers were extracted from waste paper, and graphene was wrapped on the
surface to form graphene coated waste paper aerogel (GWA) using a simple “�ltration-oven drying”
method. In order to achieve low density and excellent resilience, the GWA was then annealed to obtain the
carbonized graphene coated waste paper aerogel (C-GWA). The C-GWA shows low density, excellent
compression resilience, wide sensing range, high sensitivity and low detection limit.

2 Experimental

2.1 Materials
Graphene was purchased from Yingxin Laboratory (Shanghai, China). Cetyl trimethyl ammonium
bromide (CTAB), glacial acetic acid (CH3COOH) and anhydrous ethanol were provided by Chengdu Kelong
Chemical Reagent Co., Ltd. Sodium chlorite (NaClO2) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. All the materials and agents were used as received without further puri�cation
treatment.

2.2 Preparation of waste paper �bers
10g of shredded printing waste paper was added into 1L of deionized water followed by vigorous
magnetic stirring to form paper pulp. Subsequently, 0.14 mol NaClO2 was dissolved in the pulp, and
CH3COOH was used to adjust the pH of the pulp to 4.5. The acidic pulp mixture had been stirred at 80℃
for 2 h, and then washed with deionized water until pH 7. Finally, the neutral pulp was washed with
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anhydrous ethanol to remove the water followed by drying in an oven under atmospheric pressure at 60°C
to obtain waste paper �bers.

2.3 Preparation of carbonized graphene coated waste paper
aerogels
0.06 g of CTAB powder was dissolved in 30 ml of anhydrous ethanol, and then 0.04 g of graphene was
added, followed by sonicating for 2h to obtain the uniform ethanol dispersion of graphene. After that, 0.3
g of waste paper �bers were added to the ethanol dispersion of graphene, and then continuously stirred
at high speed for 2 h to form homogeneous suspension. Afterward, the suspension was poured into a
cylindraceous mould 20 mm in diameter, �ltered to yield the wet aerogels with a height of 17 mm, and
then dried in an oven under atmospheric pressure at 60°C to obtain the graphene coated waste paper
aerogel (GWA). Finally, the GWA was annealed in a nitrogen atmosphere at 500°C with a heating rate of
3℃/min for 4 h to obtain the carbonized graphene coated waste paper aerogel (C-GWA). For comparison,
the waste paper aerogel (WA) was also obtained by the �ltration and oven drying under atmospheric
pressure from waste paper �bers without graphene coating, and then directly annealed under same
condition to obtain carbonized waste paper aerogels (C-WA).

2.4 Preparation of the wearable pressure sensors
The interdigital silver electrodes on the elastic tape were prepared by screen printing. Concretely, the
conductive silver paste was squeezed onto the elastic tape through a screen printing plate with an
interdigital pattern, followed by drying in an oven at 80°C for 2 h. Finally, C-GWA was adhered to the
elastic tape with interdigitated electrodes on the surface.

2.5 Characterization
Field emission scanning electron microscope SEM (JEOL, JSM-5900LV) was used to characterize the
morphology of C-WA, GWA and C-GWA. The crystal structure of C-WA, GWA, and C-GWA were
characterized by an X-ray diffraction (XRD) analyzer (X’Pert Pro MPO) at a scan rate of 5° per minute in
the angular range of 5°-90°. XPS spectra were obtained by an X-ray photoelectron spectroscopy
(Thermo�sher Scienti�c Escalab 250Xi, USA). Raman spectra with a laser excitation wavelength of 532
nm in the range of 1000–3000 cm− 1 were obtained by LabRAM HR Evolution (Horiba Scienti�c LabRAM
HR Evolution) at room temperature to characterize structural features of GWA and C-GWA.

2.6 Electromechanical performance test
For the testing of electromechanical performance of the pressure sensor, the pressure loading and high-
precision control of displacement was carried out with a tensile testing machine (WNMC400, Beijing Wei
Naguang Instrument Co., Ltd) to characterize electrical signal responses. The properties of
electromechanical pressure sensors were determined using a digital source meter (Keithley 2450, U.S.A.)
at a constant voltage of 1V.

3 Results And Discussion
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3.1 Formation of C-GWA
The scheme of preparation process of C-GWA is shown in the Fig. 1. The shredded printing waste paper
was changed into pulp after being oxidized by NaClO2. Fiber bundles in the pulp are opened under
vigorous stirring. Lignin and impurities in waste paper �bers are removed by chlorine dioxide produced by
NaClO2, which leads to a rough surface of the waste paper(Li et al. 2017b). Subsequently, waste paper
�bers were dispersed in the ethanol dispersion of graphene to form a homogeneous suspension. The
rough surface of the waste paper �ber provides adsorption sites which graphene in the ethanol is easily
coated on. Afterward, the suspension was poured into a cylindraceous mould, �ltered to yield the wet
graphene coated waste paper aerogels, followed by drying directly at 60°C in an oven to obtain the
graphene coated waste paper aerogel (GWA) under atmospheric pressure. The high aspect ratio and
rough surface of waste paper �bers cause them to be easily entangled, forming a continuous 3D network.
Graphene sheets are linked together to form a continuous conductive layer in the 3D network. Ethanol as
a solvent in the suspension is essential for the drying process under the atmosphere because the surface
tension of ethanol evaporation is too low to change the gap between the �bers. Therefore, the volume of
the wet aerogel will not shrink and the aerogel structure will not collapse during drying(Li et al. 2017a).
Compared with the vacuum freeze-drying and supercritical drying commonly used to prepare aerogels,
drying under atmospheric condition only needs simple equipment and short time. For excellent
compression space and mechanical behavior, cellulose in aerogels is generally annealed into carbon
materials. Continuous porous structure of the aerogels is not only kept, but also the �ber diameter and the
density of �ber entanglement points reduce which cause the decreased density and the increased
compression space of the aerogel(Huang et al. 2021b; Sun et al. 2021a). Thus, GWA is annealed to the
carbonized graphene coated waste paper aerogel (C-GWA) in a nitrogen atmosphere at 500°C to realize
the characteristics of light weight and high compression. The carbon material converted from cellulose at
500°C has too low conductivity that cannot be measured (Shao et al. 2018), therefore, C-WA is not
conductive. However, compared with C-WA, C-GWA has good conductivity provided by a continuous
conductive layer formed by graphene.

3.2 SEM analysis
Surface morphology of C-WA, GWA and C-GWA is illustrated in Figs. 2a-2i. Figure 2a, 2d and 2g show that
C-WA, GWA and C-GWA have porous and rough surface. Figure 2b, 2e and 2h show that C-WA, GWA and
C-GWA have high aspect ratio of �bers and 3D structure of interpenetrated �bers. The rough surface is
formed because the �bers inside the aerogel pass through the pores on the surface of the aerogel. It also
can be seen from Fig. 2b, 2e and 2h that the diameter of �bers in C-WA and C-GWA is smaller than that of
GWA because O, H and C elements escape from the �ber and �bers shrink during annealing. Figure 2c, 2f
and 2i show the appearance of individual �ber in C-WA, GWA and C-GWA. The �ber in GWA exhibits rough
surfaces due to the decomposition of lignin and other impurities by chlorine dioxide. The �ber in C-WA
and C-GWA exhibits a regular wrinkle structure due to the escape of CO2 and H2O from the surface of the
waste paper �ber during annealing. In addition, compared with the �ber in C-WA, graphene is evenly
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coated on the surface of the �ber in GWA and C-GWA as shown in Fig. 2f and 2i. Figure 2j presents the
photos of GWA and C-GWA. The speci�c shrinkage value of the volume is illustrated in Fig. 2k. The
volume shrinkage rate is 24.2% when GWA is annealed to C-GWA. The volume of the aerogel shrinks after
annealing due to the shrinkage of the �bers, which results in the shrinkage of the 3D skeleton formed by
interpenetrated �bers. The density of GWA is 68.9mg/cm3, however, the density of C-GWA is only
25mg/cm3. Lower density of the C-GWA than GWA can be explained by the fact that the pyrolysis of
cellulose leads to a large loss of mass of aerogel during annealing. Although the volume of carbon
aerogel decreases, the mass per unit volume reduces.

3.3 XRD, XPS and Raman analyses
Figure 3a shows in the XRD spectra of GWA, C-WA and C-GWA. The characteristic peaks of GWA located
at 14.9°, 22.57°, and 34.28° represent the crystal planes d101, d002, and d040 of cellulose I in the diffraction
patterns of GWA(Wu et al. 2020). The characteristic peak of graphene is covered with the characteristic
peak of cellulose at 22.57°. For C-GWA and C-WA, the characteristic peaks of cellulose at 14.9° and
34.28° disappear, and the diffraction peak at 22° becomes wide, representing the characteristic peak of
amorphous carbon(Bi et al. 2014). Intensity of characteristic peak of C-GWA is higher than that of C-WA
because the coating of graphene increases the content of ordered carbon. The result shows that the
cellulose in waste paper �bers is successfully transformed to amorphous carbon during annealing.
Figure 3b shows the Raman spectra of GWA and C-GWA. A G-band at ≈ 1580 cm− 1 (related to crystalline
sp2 carbon) and a D-band at ≈ 1350 cm− 1 (associated with defects or heteroatom doping) appear for
GWA and C-GWA, indicating the successful coating of graphene on the �ber surface(Zhang et al. 2020b).
The peak intensity of ID/IG of C-GWA is lower than that of GWA. This phenomenon can be explained by
that the cellulose in waste paper �bers is transformed into amorphous carbon during annealing.
Figures 3c shows XPS the spectra of GWA and C-GWA. The O/C atomic ratio of GWA is 0.315. However,
the O/C atomic ratio of C-GWA is only 0.048, which suggests that most of the oxygen atoms in the GWA
aerogel have been almost removed during annealing.

3.4 Mechanical performance of aerogels
Figure 4 shows the photos of C-GWA and GWA at different compression strains. GWA has obvious loss of
height after recovery at different compression strains. However, C-GWA can return to the original height at
low compressive strain, and height slightly reduces at high compressive strain. GWA returns to 95% of its
original height at 10% compressive strain, however C-GWA completely returns to its original height. GWA
and C-GWA return to 88% and 97% of its original height at a compressive strain of 30%, respectively. GWA
and C-GWA returns to 88% and 91% of its original height at 50% compressive strain, respectively.

3.5 Electromechanical performance of the pressure Sensor
The schematic diagram of the wearable pressure sensor based on C-GWA is illustrated in Fig. 5a. The C-
GWA are placed on an elastic tape with interdigitated electrodes. Figure 5b shows that the resistance of
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the C-GWA-based pressure sensor varies with the increasing external pressure. The circuit is connected
when the GCA-based pressure sensor is used as a touch sensitive switch. The brightness of LED strongly
depends upon the compressive strain amplitudes. The higher the compressive strain is, the stronger the
brightness of the LED lamp will be. Figure 5c to 5e show the relative current changes of the C-GWA-based
pressure sensor in the pressure range from 16 Pa to 132 kPa where the relative current increases with the
rise of pressure, certifying that the real-time current is highly sensitive to external pressure, which is
attributed to the increasing contact area between the rough surface of the aerogel and the interdigital
electrode. Additionally, the contact mode of graphene sheets is transformed from the edge-to-edge into
the surface-to-surface under external pressure, which also leads to increased conductivity. Figure 5f
shows the ultra-low detection capability of the C-GWA-based pressure sensor. A signi�cant relative current
change is observed when a green bean with a mass of 53.4 mg (≈ 2.5 Pa) is placed on the upper surface
of the sensor due to the increase in pressure. The ability to detect ultra-low pressure is resulted from the
rise of contact area between rough surface of the aerogel and the interdigital electrode under a smaller
pressure. In addition, the wrinkle structure on the surface of the carbon �ber is easily connected under a
small pressure, which will cause a change in resistance.

Sensitivity is an important index to evaluate the performance of wearable pressure sensors. The
sensitivity (S) is de�ned and calculated based on the following formulas: S = (ΔI/I0)/ΔP, where ΔI (A) is
the relative change of current. I0 (A) is the current without loading and ΔP (kPa) is the change of the
applied pressure. As shown in Fig. 6, the C-GWA-based pressure sensor possesses a satisfyingly linear
relationship between current response and applied pressure and has the sensitivity factors of S1 = 31.6
kPa− 1 within 0.7 kPa stress, S2 = 7.3 kPa− 1 for stress range of 0.7–3.5 kPa, and S3 = 3.12 kPa− 1 over 3.5
kPa, respectively. It should be noted that the sensitivity of the low-pressure range is higher than that of the
high-pressure range. In the low-pressure range, the increasing contact area between the aerogel and the
electrode leads to a signi�cantly reduced resistance. Simultaneously, the contact of wrinkle structures on
the skeleton of the C-GWA also causes the resistance of the aerogel to decrease under small external
pressure. As the pressure load rises, the sensitivity reduces because the rough surface of the aerogel fully
contacts with the interdigital electrode and the aerogel is less and less susceptible to deformation due to
the reduction in compressible space caused by increased pressure. Compared with other sensors based
on 3D porous materials using graphene as a conductive �ller reported in recent years, C-GWA-based
pressure sensors have higher sensitivity and lower detection limit (Table S1), which is attributed to the
changeable contact area between the C-GWA and the electrode and easily contacted wrinkle structures on
the skeleton of the C-GWA. The reproducibility of the C-GWA-based sensor was evaluated through
loading–unloading cyclic tests for 8000 cycles as shown in Fig. 6b, verifying the superior durability of the
C-GWA-based pressure sensor. Figure 6c presents the relative current response of the C-GWA -based
pressure sensor under 4538 Pa at various compression speeds of 0.5 mm/s, 1 mm/s and 2 mm/s,
indicating the stability and repeatability of the pressure sensor under different compression speeds.
Additionally, the sensor exhibits a fast response time of 176 ms and recovery time of 107 ms (Fig. 6d),
ensuring its real-time feedback for external pressure. Figures 6e and 6f show the hydrophobic properties
of C-GWA with a contact angle of up to 141° due to the removal of oxygen-containing functional groups
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in the �ber during carbonization. Hydrophobicity contributes to application of the sensor based on C-GWA
in humid environments.

3.6 The working mechanism of the pressure sensor.
Figure 7a shows the equivalent circuit diagram of the pressure sensor based on C-GWA. The total
resistance of the pressure sensor is de�ned as Rtotal = Re + Ra + Rb, where Re is the electrode resistance
and wire resistance, Ra is the contact resistance between the C-GWA and the electrode, and Rb is the bulk
resistance of C-GWA. Re remains unchanged with increasing external pressure, however, Ra, Rb and Rtotal

is reduced. The variety of resistance and microstructural of the pressure sensor based on C-GWA under
released and pressed states are further illustrated in Figs. 7b-d. For the sensor without pressure loading,
there are many pores inside the aerogel and a gap between the aerogel and the electrode attributed to
rough outer surface of the aerogel as shown in Fig. 7b. When the external pressure is applied, the
deformed C-GWA achieved good contact to the electrode and pores within the aerogel are compressed,
which causes �bers in C-GWA are compacted together. Additionally, the contact mode of the graphene
sheets coated on the surface of the �bers is also transformed with the �bers in C-GWA aggregated
(Fig. 7d). The edge-to-edge contact of the 2D graphene sheet is transformed into the surface-to-surface
contact of the sheet. Figure 7c illustrates the process of contact between �bers in C-GWA. The wrinkle
structure on the surface of the �ber comes into contact �rst in low-pressure stage. As the pressure
enhances, the contact area between the �bers is enlarged. Resultly, the resistance of the C-GWA-based
pressure sensor remarkably decreases. Pores inside C-GWA and the gap between C-GWA and the
electrode are restored to their original size when the external pressure load is released, which cause the
discontinuity of the conductive network and the resistance to return to its original value.

4 Application Of The Pressure Sensor In Human Motion Detection
The pressure sensor based on C-GWA are used for the detection of human motion under small and large
deformation. The insulating tape was used to stick the sensor to different parts of the human body, and
the inductive signal was measured and recorded by a multimeter. Figure 8a shows the C-GWA-based
sensor can monitor real-time signal of the pulse of the human body. The radial arterial pulse waveform
(P) peak and the systolic augmentation shoulder [T(D)] peak of the pulse is obvious in the small image.
The C-GWA-based sensor shows great application prospects in human physiological monitoring.
Figure 8b shows that different real-time signal is obtained when the bending angles of the �nger are 0, 45
and 90°. The resistance value remains steady at each angle. The sensor also can be used to detect small
deformation caused by cheek blowing (Figs. 8c) and large deformation caused by human body
movement including neck bending, elbow bending, and knee joint bending (Figs. 8d to 8f). The sensor
can show stability under various human motions, which proves the potential of the sensor in the �eld of
smart wearable devices for human motion detection and linking to robots to imitate human behavior.

5 Conclusions
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The aerogel based on graphene coated waste paper was successfully prepared by �ltration and oven
drying under atmospheric pressure, and further annealed to obtain the carbonized graphene coated waste
paper aerogel (C-GWA). The C-GWA shows low density (25mg/cm3), excellent compression resilience and
outstanding performance. The wearable pressure sensor based on C-GWA displays a wide working range
(0-132 KPa), high sensitivity (31.6 KPa− 1), fast response time (177ms) and good stability under 8000
cycles and different compression rates. In addition, the C-GWA-based pressure sensor can be applied to
detect the pulse of the human body, cheek blowing and bending of human joints, which means
potentially used in the �eld of wearable devices, and robots to imitate human behavior.
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Figure 1

Schematic diagram of the formation of carbonized graphene coated waste paper aerogels (C-GWA).
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Figure 2

(a-c) SEM image of C-WA. (d-f) SEM image of GWA. (g-i) SEM images of C-GWA. (j) Photos of GWA and
C-GWA. (k) Volume fraction and bulk density of GWA and C-GWA.
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Figure 3

(a) XRD spectra of GWA, C-WA and C-GWA. (b) Raman spectra of WA, GWA and C-GWA. (c) XPS spectra
of GWA and C-GWA.

Figure 4

Photos of C-GWA (left) and GWA (right) at different compression strains.
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Figure 5

Electromechanical properties of the pressure sensor. (a) The schematic diagram of the C-GWA-based
pressure sensor. (b) Brightness variation of the LED lamp under compression in the circuit based on the
C-GWA-based pressure sensor. (c-e) Relative current change of C-GWA-based pressure sensor under cyclic
pressing–releasing with various pressure loadings. (f) Relative current change of C-GWA-based pressure
sensor under ultra-low pressure loadings.
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Figure 6

(a) Relative current change of C-GWA -based pressure sensor under pressure in the range from 0 kPa to
7kPa. (b) Relative current change of C-GWA-based pressure sensor under repeated loading-unloading with
8000 cycles. (c) Relative current change of C-GWA-based pressure sensor under different compression
rates. (d) Response and recovery time of the C-GWA-based pressure sensor under compression and
response. (e) Optical photograph of a water droplet on the surface of C-GWA.
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Figure 7

Schematic illustration of the working mechanism of the pressure sensor. (a) Equivalent circuit diagram of
the pressure sensor. (b-d) Illustration of changes in the internal microstructure of the pressure sensor
during pressing and releasing.
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Figure 8

Applications of the C-GWA-based pressure sensor to detect: (a) human pulse (b) �nger bending (different
angles). (c) cheek blowing. (d) neck bending. (e) elbow bending. (f) knee joint bending.
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