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Abstract
Cellulose-based composites with superior mechanical and electrical properties are highly desirable for a
sustainable and multifunctional substrate of �exible electronics. However, their practical application is
hindered by the lack of super�exible cellulose-based composites to fabricate ingenious �exible
electronics with considerable robustness. Here, cellulose derived from underutilized biomass (Edgewo-
rthia chrysantha Lindi, ERCL) was composited with highly-conductive silver nanowires (AgNWs) through
a general papermaking process. Bene�ting from the interactions between cellulose and AgNWs including
hydrogen bonding and van der Waals force, the composite presented superb electrical conductivity (>
27000 S/m) and �exibility (folding times ≥1110). By employing it as the substrate of �exible pressure
sensors (FPSs) through layer-by-layer assembly, improved sensitivity (Gauge Factor=846.4), rapid
response (0.44 s), and excellent stability (≥2000 folding cycles) were demonstrated. Impressively, the
novel FPS could monitor human motions, including �nger bending, elbow �exion, speaking, and pulse,
suggesting its great potentials in emerging �exible electronics.

1. Introduction
In the era of internet of things (IoT), �exible electronics, which can maintain the e�ciency of work under
certain deformation (bending, folding, twisting, compression, and stretching) conditions, have become
one of the state of art trends of technology. The applications of �exible electronics including �exible
pressure sensors (FPSs), electronic skins, foldable touch screen, arti�cial intelligence, which further prove
their versatile way into daily life (Lyu et al. 2021). The outbreak of the COVID pandemic since 2019 further
accelerates the development of �exible electronics, such as the application scenarios of temperature
monitoring. Compared to conventional rigid and planar materials, the materials as the substrate of
�exible electronics inherently have the merits of elasticity and conformality, required to withstand extreme
mechanical deformations, as well (Chen et al. 2019; Seo and Hwang 2019; Zhang et al. 2019; Nie et al.
2020; Xue et al. 2020). Most synthetic polymers, such as polyethylene terephthalate (PET) (Li et al. 2019),
polydimethylsiloxane (PDMS) (Guan et al. 2020), thermoplastic polyurethane (TPU) (Zhang et al. 2020;
Wu et al. 2021), polyethylene glycol (PEG) (Chen et al. 2018), polyimide (PI) (Fang et al. 2018), Eco�ex
(Kim et al. 2018), poly(1,1-di�uoroethylene) (PVDF) (Tai and Lubineau 2017), to name a few, have been
used to fabricate �exible electronics as substrate. However, the problems include non-recyclability, high
cost, immune exclusion, mechanical and thermal instability (Bhatia et al. 2021). As such, it is of great
signi�cance but still challenging to explore recyclable, low-cost, biocompatible, mechanically, and
thermally stable substrates.

Cellulose, which is of renewability, low cost, easy processability, biodegradability, and attractive physical
performances, has been frequently introduced into composites as the sustainable alternative of synthetic
polymers to support or bind �exible electronics (Chen et al. 2021; Zhao et al. 2021). For instance, Yong et
al. (Wei et al. 2016) utilized a convenient dip-coating method to transfer conductive materials to the
cotton sheet. It was revealed that the obtained FPS was endowed with a sensitivity of 3.4 kPa−1, a fast
response speed of 50 ms, and prominent working stability (high electrical conductivity remains



Page 3/19

unchanged after 500 load-unload cycles). A printing paper-based conductive composite was obtained via
a coating, using PDMS liquid as the intermediate dielectric layer to form a self-assembled sandwich
structure, which could be used to manufacture �exible capacitive sensors (Li et al. 2019). Due to its
advantages of high e�ciency, good uniformity and strong adhesion, the obtained cellulose-based
composite showed good potential in detecting human activities. In addition, highly porous tissue papers
were employed as an appealing substrate to fabricate �exible electronics by Huang et al. (Huang et al.
2020) The tissue paper was pretreated with NaOH to destroy the hydrogen bonds between cellulose
molecules, thereby promoting the expansion of cellulose �bers and improving the sensitivity of this
composite-based pressure sensors. However, the mechanical and sensing properties of the sensors listed
above still cannot meet the needs of next-generation FPSs. Thus, it is vital to develop more robust
cellulose-based materials as a �exible substrate and enhance the sensitivity at the same time.

Edgewo-rthia chrysantha Lindi (ERCL), also known as Xue hua pi, is an evergreen shrub that belongs to
Daphne odora. The �bers of ERCL are densely distributed, lengths of 2.9~4.5 mm (The common �ber
length of hardwood is 1 mm, and for softwood is 2~3 mm.). As a kind of underutilized biomass, it was
once used in the papermaking industry (including leather paper, �recracker paper, and oil paper), paper-
based umbrella, fan, oil basket, pasting window, and other �elds (Wang and Zhang 1985), as shown in
Fig. 1. Apparently, the outstanding traits of ERCL, such as �exibility, toughness, bright white, glossiness,
and superb tensile strength, have not been fully exploited throughout the applications mentioned above,
resulting in massive waste. Therefore, it is meaningful to broaden its application into the state of art
technologies. To treat ERCL as substrate would provide numerous possibilities in the creation of soft
materials for new �exible electronics. And it is of great signi�cance to explore their multifunctional
sensing behavior as FPSs (Liu et al. 2017; Pu et al. 2019; Su et al. 2019; Yin et al. 2020).

Herein, underutilized, valuable biomass was developed to fabricate a novel cellulose-based composite
consisting of a highly-conductive AgNWs percolation network through a facile papermaking process by
serving the ERCL �ber as the matrix. As a typical demonstration, in addition to the tensile strength, the
obtained composite delivered an impressive folding endurance with folding times of 1110 arising from
the entanglement of �ber and AgNWs, the appropriate length of ERCL �ber as well. Additionally,
remarkable sensing performance was also observed. Thanks to the above advantages, the designed FPS
based on this novel composite substrate exhibited high conductivity, improved sensitivity, rapid response,
and stability. Excitingly, the multifunctional sensing behaviors, such as �nger bending, elbow �exion,
speaking, and pulse monitoring could also be achieved by the robust and sustainable FPS, promising its
great potentials as �exible smart robots.

2. Materials And Methods

2.1. Synthesis of AgNWs
For a typical synthesis of AgNWs, a one-pot reaction was employed to mix all chemicals and solvents.
Firstly, 0.2 g of polyvinylpyrrolidone (PVP) was added to 25 mL of ethylene glycol (EG) and completely
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dissolved using magnetic stirring in a water bath at 60°C. After obtaining a transparent and uniform
solution, cooled down to room temperature. Then, 0.25 g of silver nitrate (AgNO3) was added to the PVP
solution, rapid agitation was required so as to dissolve the solute completely. After that, 3.5 g of ferric
chloride (FeCl3) salt solution (600 µM in EG) was poured into the mixture and stirred for 1~2 minutes. The
mixture was then immediately transferred into an oil bath preheated at 130°C to grow AgNWs for 5 h until
the reaction �nished. Lastly, acetone and ethanol were used to wash the precipitate with centrifugation of
9000 rpm for 10 min. The AgNWs were re-dispersed in ethanol (≈0.2 wt%) for further use (Jiu et al. 2014).

2.2. Fabrication of cellulose/AgNWs composite paper
(CACP)
The ERCL �ber was obtained through a traditional alkaline pulping (cooked in the calcium hydroxide
solution and sodium carbonate solution successively). The degree of beating 35°SR. The content of three
components (including cellulose, hemicellulose, and lignin) in ERCL was 72.9%, 17.2%, and 6.8%,
respectively (Sluiter et al. 2010). The papers used in the dipping method and vacuum �ltration were made
by rapid Kothen-method with laboratory sheets former in advance. (i) As for the dip-coating method, the
D-CACP was fabricated through an impregnation process. Speci�cally, CACP was submerged in the
AgNWs dispersion for different dipping times (from 0 to 5 times with a step size of 1 min). The coated
paper was then dried in a vacuum drying oven at 60°C for 15 min. (ii) Vacuum �ltration was utilized for
the preparation of V-CACP. Cellulose �lter membrane substrate was placed inside the Bucher funnel and
AgNWs dispersion (10~40 wt%) was added into it. AgNWs were trapped within the pores of the paper
substrate and ethanol was drawn through the funnel. The obtained paper was then dried in the vacuum
drying oven at 60°C for 15 min. (iii) W-CACP was fabricated by wet-forming (papermaking) process. The
ERCL �ber was mixed fully with AgNWs, and then the paper was made by papermaking process. The
resultant W-CACP was then transferred to a roller dryer at 60°C. The total experiment procedure of this
study is depicted in Fig. 2.

2.3. Fabrication of the W-CACP based FPS
The FPS was fabricated to evaluate the sensing performance of W-CACPs with different content of
AgNWs. The obtained W-CACP was �rst cut into strips with a dimension of 30 mm × 10 mm × 0.121 mm,
and the two ends of them were pasted with copper tape to �x them to the electrochemical workstation so
as to verify its sensing properties. The whole sensing system was encapsulated with transparent 3M
tape.

2.4. Characterization
Field emission scanning electron microscope (FE-SEM Merlin, Zeiss, Germany) was carried to explore the
surface and cross-sectional morphologies of AgNWs, ERCL �ber, and CACP. The test was carried out at an
accelerating voltage of 5 kV. Samples were spray-coated with gold using the auto-�ne sputtering unit. The
change of chemical structure of CACP before and after AgNWs loading was analyzed by Fourier
Transform infrared spectroscopy (FTIR Nexus 470, Thermo Nicolet). The wavenumbers were collected in
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the range of 4000~400 cm-1 using a Nicolet Nexus 870 spectroscopy in an attenuated total re�ection
(ATR) mode at room temperature. The mechanical performance was acquired by a folding tester
(MIT/U21B, USA) and a material testing machine (INSTRON 3300, England). The thermal stability of the
W-CACP was analyzed through a thermal gravity (TG) analyzer (STA449F3, NETZSCH, Germany) at a
heating rate of 10°C/min in the range of 30~800°C under nitrogen gas ambiance. Electrical conductivity
was measured by a four-probe tester (RTS-8, 4 PROBE TECH, China), digital multimeter (VICTOR VC890C,
China), and electrochemical workstation (CHI 750 E, China). The sensing performance of W-CACP was
tested by an electrochemical workstation and electronic universal testing machine (SHIMADZU, Japan).
Herein, the sensitivity of the sensor was assessed by gauge factor (G.F), and G.F is de�ned below:

G.F=
ΔR/R0

ε

1

where the ΔR/R0 is de�ned as the ratio of the resistance change (ΔR) to the resistance (R0) at the initial
state; ε is the mechanical strain. At least ten specimens were tested for each sample and the results were
reported as average.

3. Results And Discussion

3.1. Comparisons of D-CACP/V-CACP/W-CACP

3.1.1 Morphology
Figure 3 shows the SEM images of AgNWs, ERCL �ber, and CACP, respectively. Overall, Fig. 3a and Fig. 3f-
g show the AgNWs had a length of over 14 µm, and a diameter of about 80 nm (aspect ratio of 175). The
SEM images also indicate that the AgNWs were synthesized almost without any Ag nanoparticle,
verifying the purity of AgNWs, which was a signi�cant factor for the performance of AgNWs based
composites. From Fig. 3b, it is clear that ERCL �bers were �at, and there were evident holes between
those �bers, both of these features were conducive to the attachment of AgNWs to cellulose paper.
Moreover, Fig. 3b establishes the length of pristine �bers reached more than 3 mm, and the average width
was between 12 to 33 µm. Generally speaking, the mechanical characteristics, especially for the tearing
strength, tensile strength, bursting strength, and folding strength of the paper, can be enhanced with the
increase of �ber length. In theory, the optimal length of �ber in the papermaking industry is 1.5~5 mm.
The �bers with an average length less than 0.4 mm are not appropriate to be used as raw materials to
make paper, though can be treated as �ller in the papermaking process. On the other hand, if the �bers
are too long (especially for the average length is more than 5 mm), which will lead to the heterogeneity of
acquired paper. More speci�cally, the pulp is apt to coagulate, resulting in “cloud �ower” paper. Thus, the
long-time beating process is not necessary for ERCL, whose �ber length (2.9~4.5 mm) is quite perfect in
the papermaking industry. This feature is conducive to further cut down the cost of the production of
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ERCL paper. In addition, the width of �ber is another vital indicator in papermaking, for it is closely related
to the interweaving ability among �bers. For instance, the strength of paper made of Eucalyptus is
superior to the paper made of poplar, because of the smaller average �ber width of Eucalyptus (Fu et al.
2020). It is evident that ERCL �ber behaves as a uniqueness with a more appealing length and diameter
than common �ber, which will facilitate the entanglement with AgNWs.

As shown in Fig. 3c-d (D-CACP and V-CACP), AgNWs were non-uniformly deposited on the surface of the
paper, only a few AgNWs were found to be embedded between the holes of the paper, which were caused
by the gap among the �bers. The content of AgNWs loaded by vacuum �ltration was higher than that
loaded by impregnation, which demonstrated vacuum �ltration process was a more e�cient method than
dip-coating for the fabrication of CACP. More interestingly, the connection between �ber and AgNWs (W-
CACP) was much more compact as shown in Fig. 3e, which was extremely conducive to enhance the
conductivity of paper.

3.1.2 Chemical structure
In order to prove there is no chemical bonding between �ber and AgNWs, the FTIR spectra of the D-CACP,
V-CACP, W-CACP, and pure ERCL paper are shown in Fig. 3h. All of the samples showed a characteristic
absorption band of cellulose from 3100 cm−1 to 3700 cm−1, which indicated the strong stretching
vibration of the hydroxyl group. The absorption peak at 2889 cm−1 is attributed to the C-H symmetric
vibration peak of methylene (-CH2-). And the peak at 1645 cm−1 corresponds to the bending vibration of

the hydroxyl group absorbing water. The characteristic peak at 1369 cm−1 is due to the antisymmetric
bending vibration of C-H, while the peak at 1058 cm−1 and 892 cm−1 are due to the C-O stretching and C-H
rocking vibrations of cellulose (Sun et al. 2000; Xiao et al. 2001; Himmelsbach et al. 2002; Sain and
Panthapulakkal 2006; Alemdar and Sain 2008; Trache et al. 2014). It is noteworthy that the absorption
peak of stretching vibration of -OH moved to the lower wavenumber after the cellulose paper was loaded
with AgNWs. It was probably because the hydrogen bond stretching of cellulose was strengthened by
residual PVP on AgNWs, for a large number of hydrogen bonds would be formed by carbonyl on PVP
molecule and hydroxyl groups in cellulose (Qian et al. 2017). That is to say, the appropriate amount of
residual PVP played a positive role in the fabrication of CACP, otherwise, the conductivity of paper might
be decreased in a way. Notwithstanding, it is worth mentioning that there was no direct chemical binding
between AgNWs and �ber among the three methods.

3.1.3 Electrical property
Electrical property is considered to be the most critical performance of a pressure sensor. In this study,
CACP was prepared through three different techniques. And the optimum electrical conductivity of CACP
was in�uenced by the number of dipping times and the content of AgNWs. The results (Fig. 3i)
established that the electrical conductivity increased sharply upon increasing the dipping times, which
was probably due to more AgNWs accumulated in the intervenes of �bers with the increasing of the
number of dipping times. In conclusion, the electrical property was enhanced as the dipping times
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increased. However, the content of AgNWs on paper was limited, redundant AgNWs loosely settled on the
surface of CACP, and they would fall down easily after drying. And from Fig. 3i, it could be concluded that
four may be the optimal number of dipping times, in this study, the AgNWs content was about 10 wt%.
Apparently, the content of AgNWs was restricted in a dip-coating process (the electrical conductivity
almost maintained unchanged after dipping four times). Moreover, it was essential to provide a great
quantity of AgNWs dispersion in the impregnation process, resulting in the waste of raw materials and
increased cost.

Both the methods (vacuum �ltration and wet-forming method) attained the high AgNWs content. Upon
increasing the AgNWs content from 10 wt% to 30 wt%, the electrical conductivity of V-CACP almost rose
to 25000 S/m (Fig. 3j), while the electrical conductivity of W-CACP reached more than 27000 S/m
(Fig. 3k). In addition, the uneven distribution of AgNWs could lead to heterogeneity of the surface
electrical characteristic of CACP. Compared with the vacuum �ltration method, the wet-forming method
might be more favorable for the production of CACP, for AgNWs and �bers were well mingled during the
fabrication process. AgNWs content of about 30 wt% was considered a desirable and affordable
condition for the future sensor studies.

Collectively, it can be convincingly inferred that the three methods mentioned above were potential
methods to fabricate CACP, while the wet-forming process was con�rmed to be the most effective way,
due to the maximum content of AgNWs that accumulating on the surface of �bers and the uniformity of
obtained CACP. Besides, the connection between AgNWs and �bers was the tightest as shown in the SEM
images. As a consequence, the electrical conductivity performed marvelously of paper made through wet-
forming process. The samples acquired by the wet-forming technique were used for further studies and
analyses.

3.2. Characteristics of W-CACP

3.2.1 Mechanical performance
The digital photos, SEM images, and mechanical properties (mainly folding endurance and tensile
properties) of ERCL paper as shown in Fig. 4a-e. It can be clearly seen from Fig. 4a-b that W-CACP and
pure ERCL paper (W-CACP-0) possessed great reproducibility after numerous folds. And the surface of W-
CACP became smoother owing to the introduction of AgNWs. Besides, the interconnection between �bers
and AgNWs hardly be destroyed by bending, which proved that the stable combination between
conductive matrix and building blocks. The results of optical analysis paved the way for further
mechanical tests.

3.2.1.1 Folding strength/folding endurance
Figure 4c shows the folding performance of obtained W-CACP under 0 wt%, 10 wt%, 20 wt%, and 30 wt%
content of AgNWs, respectively. The folding strength/folding of paper is closely related to the length,
width, strength, and �exibility of �ber. Interestingly, pure ERCL paper represented the marvelous folding
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strength, whose fold number (>1800) was more than 50 times that common paper (about 36) under the
same weight of paper. The phenomenon might be attributed to the proper length and width of ERCL �ber.
Moreover, the ratio of cell wall thickness to cell cavity diameter represents the coe�cient of �exibility. The
contact area among various �bers of paper increases with the decrease of the ratio of wall to the cavity,
thus the bonding force is stronger so as to attain the paper with high strength. In contrast, the �bers with
a larger wall to the cavity ratio are more rigid, resulting in a smaller contact area and a weaker binding
force between �bers, ultimately bringing about the poor mechanical strength of paper. While 10 wt% of
AgNWs was added into the composite, the folding number slightly fell, still maintained at a high level
(>1500). This was possibly caused by the weakened connection between �bers because of the embedded
AgNWs of W-CACP. As the content of AgNWs increased, the brittleness of W-CACP rose, too. It is
important to note that the folding endurance of the W-CACP was superb in this study. Thus, it is
envisioned that W-CACP has promising applications in wearable electronic devices.

3.2.1.2 Tensile properties
In addition, Fig. 4d-e reveals that the tensile properties of W-CACP (W-CACP-1, W-CACP-2, and W-CACP-3)
and pure ERCL paper (W-CACP-0). It has been established that the tensile strength and Young’s modulus
of pure ERCL paper were 49.3 MPa and 1298.4 MPa, respectively. Correspondingly, both of the tensile
strength and Young’s modulus of W-CACP-3 presented an upward tendency, and the increase of about
48.7% and 34.9% was observed for them. It was probably ascribed to the introduction of AgNWs into
CACP brought about the rigidity, so as to improve tensile properties of CACP. Signi�cantly, when the
AgNWs content was less than 30 wt%, the tensile strength decreased with increasing the AgNWs content.
Especially for the AgNWs content at 20 wt% (W-CACP-2), the reduction of tensile strength and Young’s
modulus were 64.3% and 76.2%, respectively. As for Young’s modulus, it started with an increase for a
lower AgNWs content (10 wt% for W-CACP-1), while a decline trend for higher AgNWs content (20 wt% for
W-CACP-2). Afterwards, the Young’s modulus rose again when the content of AgNWs reached 30 wt%. It
could be convincingly inferred that low content AgNWs were not su�cient to provide enough electrical
conductivity with outstanding tensile properties, instead, affect the intrinsic connection between �bers,
thus leading to the weakness of tensile properties. It probably due to the phenomenon of uneven
distribution of AgNWs turned to be defects owing to the huge difference of modulus between AgNWs and
�bers. Only while the content of AgNWs attains the optimum content, the modulus of the whole
composite can be heightened.

3.2.2 Electrical performance
For additional analysis of electrical performance, the I-V characteristic curves and photographs of W-
CACP connected with a LED were acquired at the same time (Fig. 4f-g). It then appeared obvious that the
linear relationship between current and voltage was good, which demonstrated the outstanding stability
of the conductive network. Accordingly, it meant that the output of persistent electrical signal when it was
fabricated as a sensor. Particularly, while more conductive network was constructed, the resistance was
diminished consequently, so that the slope of the I-V curve dropped sharply with the increased content of
AgNWs. As for the LED test, with the increased content of AgNWs in a W-CACP, the brightness was
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improved under the same voltage as well. The phenomenon further con�rmed the excellent electrical
performance of W-CACP.

3.2.3 Thermal performance
The TG results and corresponding differential thermal analysis (DTG) curves of W-CACP (W-CACP-1, W-
CACP-2, and W-CACP-3) and pure ERCL paper as shown in Fig. 4h-i. It is obvious that there was a slight
mass loss evaluated for all papers in the initial stage (<100°C), which was attributed to the volatilization
of free water absorbed on the surface of �ber. With the increase of temperature, the pyrolysis temperature
of the sample was accelerated. Additionally, 150℃~250℃, 250℃~390℃, 400℃~780℃ were the
crystallization water (within cellulose) removal stage, oxidation and carbonization stages of cellulose,
respectively. And then, it was worth pointing out that Tp (the temperature where the maximum thermal
decomposition rate was observed) occurred at 368.4°C, 367.2°C, 368.8°C and 367.8°C, respectively. The
temperature at complete decomposition state was about 500°C, with the residual weight were 16.39%,
19.71%, 29.31% and 35.83% for pure ERCL paper, W-CACP-1, W-CACP-2, and W-CACP-3, respectively. The
phenomenon illustrated the thermal stability of W-CACP remained largely the same as speci�c amount of
AgNWs was added to the system.

3.3. Applications of the W-CACP based FPS

3.3.1 Compression sensitivity
In this work, the application of W-CACP in the �eld of compression sensing was systematically studied
(Fig. 4j). Speci�cally, the sensing performance of W-CACP was evaluated by exploring the relevance
between resistance and compression strain of W-CACP. At initial compression stage, the ΔR/R0

demonstrated a signi�cant increase as compression strain enlarged, which indicated the superb
sensitivity of the obtained W-CACP based FPS. It could be explained that the porosity was reduced by the
increased pressure, the contaction between insulating �bers was closer than before, thus enhancing the
resistance of W-CACP. Both of W-CACP-2 and W-CACP-3 demonstrated a good linear relationship under
the compression strain range from 0 wt% to 25 wt%. Furthermore, the G.F. of as-prepared W-CACP-3
attained 846.4, which meant a high sensitivity of as-prepared sensor, thus the obtained W-CACP was
expected to be an appealing component for FPSs.

3.3.2 Folding/Bending sensitivity
The folding endurance is an essential indicator to determine the performance of wearable textiles. The
folding/bending sensitivity of W-CACP was also evaluated by exploring the relevance between electrical
conductivity and folding angle of paper. Besides, the schematic illustration of the W-CACP based FPS and
I-V curves of the FPS under different pressure as shown in Fig. 5a-b. In this study, foldable sensing device
was fabricated through connecting W-CACP with an electrochemical workstation. It can be clearly seen
from Fig. 5d that the electrical conductivity increased during the folding angle changing from 180° to 15°,
which proved that W-CACP had an excellent response to the folding force. In theory, when the external
stress was applied to the W-CACP, the pathways of AgNWs conductive network was increased, bringing
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about the enhancement of electrical conductivity, yet the excessive stress would deform the conductive
network. In order to further investigate the application of the W-CACP based FPS in real-time monitoring
of small deformation, the sensor was quickly folded from 30° to 90°. For each folding cycle, the W-CACP
based FPS was able to respond in a short folding time. To be speci�c, the response current reached the
largest at the position of 30°, while it immediately declined after switched to the state of 90° position.
Additionally, the response current was similar under repeated folded angle, indicating that the as-
fabricated FPS with high reproducibility and excellent stability.

Figure 5. The sensing properties of the obtained W-CACP based FPS. (a) Schematic illustration of the W-
CACP based FPS. (b) I-V curves of the FPS (under different pressure). (c) I-T curve of the W-CACP based
FPS to show the periodic response feature after �nger bending (bending for 10 s after stretching for 10 s).
(d) I-T curve of the W-CACP based FPS in response to various folding angles, insets are the digital photos
of folding sensing with the W-CACP based FPS. (e) I-T curve of the W-CACP based FPS under rapidly
repeated the motions of folding-unfolding from 30° to 90°. (f) I-T curve of the W-CACP based FPS under
repeated bending and releasing for 2000 cycles. The W-CACP based FPS was used to monitor human
activities in real time: the changing current of the sensor corresponding to minimal strain change of (g)
�nger bending (clenching quickly after stretching for 10 s), and (h) arm bending. (i) I-T of the W-CACP
based FPS in terms of various sound stimuli, such as “China”, “People”, and “Republic”. (j) Relative
current change of the W-CACP based FPS monitoring wrist position pulse pressure. Inset are the optical
images of device attached on the wrist.

3.3.3 Human motions monitoring
The W-CACP based FPS fabricated in this study was further used to monitor human motions, which had
great application potential in the �eld of wearable electronic devices. As shown in Fig. 5c, the FPS was
attached to the �nger to monitor the bending of human �ngers. It can be clearly seen that the response
signals sent by the FPS were fast and stable. When the �nger was stretched, the current maintained
unchanged. While the �nger was in the state of bending, the AgNWs were more closely combined with
each other due to the AgNWs conductive network in W-CACP was compressed. Furthermore, the response
current remained almost the same at the highest peak value, which implied that the as-fabricated FPS
with outstanding reproducibility, as well. Obviously, Fig. 5h shows more stable signals of arm bending.
One cause may be the greater pressure produced by arm bending than �nger bending, and the larger
stressed area. Thus, the stable signals are generated spontaneously.

Subsequently, our FPS was attached to the neck of a volunteer. The device was able to recognize the
various words “China”, “People”, and “Republic”, as shown in Fig. 5i, indicating the high sensitivity of the
W-CACP based FPS. Monitoring a person’s pulse is distinctly important for the diagnosis of some
diseases. The W-CACP based FPS was pasted to the wrists of person as a pulse detector. Fig. 5j shows
the real-time pulse signals recorded by the FPS when the human body was at rest. Accordingly, the FPS
performed excellently in the real-time detection of people’s health. Owing to the virtues of fast response,
high sensitivity and stability of the fabricated sensing system, it has potential application in real-time
monitoring in the �eld of arti�cial intelligence.
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4. Conclusions
In summary, we developed a novel cellulose/AgNWs composite paper (CACP) through a facile wet-
forming (papermaking) process by building highly-conductive AgNWs percolation network on the
cellulose matrix. Owing to the strong interactions between cellulose and AgNWs, the composite was
endowed with superior robustness and high electrical conductivity (> 27000 S/m), enabling the layer-by-
layer assembled FPS to exhibit excellent sensing performance (improved sensitivity (G.F=846.4), rapid
response (0.44 s) and high stability (≥2000 folding cycles)). The present strategy paves the way of
designing high-performance substrate/component for �exible electronics, which would �nd great
potential applications in soft robots, electric skins, etc.
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Figure 1

The camera image of ERCL and its applications in traditional industries.

Figure 2

Schematic of fabricating the W-CACP based FPS for potential sensing application.
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Figure 3

SEM graphs of (a) AgNWs; (b) pure ERCL paper; (c) D-CACP; (d) V-CACP; (e) W-CACP. The length (f) and
diameter (g) distribution of AgNWs. (h) FTIR spectra of D-CACP, V-CACP, W-CACP and pure ERCL paper.
Variation in electrical properties of (i) D-CACP with different dipping times; (j) V-CACP with different
AgNWs content; (k) W-CACP with different AgNWs content.
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Figure 4

Digital photos of (a)-i pure ERCL paper, (a)-ii pure ERCL paper after folding cycles, (b)-i W-CACP, and (b)-ii
W-CACP after folding cycles; (a)-iii and iv are SEM pictures of the surface and cross section of pure ERCL
paper; (b)-iii and iv SEM graphs of the surface and cross section of W-CACP (after about 20 cycles of
bending test). (c) The folding resistance of W-CACP and A4 paper; (d) The stress-strain curves of W-CACP;
(e) The tensile strength and Young’s modulus of W-CACP. The electrical performance of W-CACP. (f)
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Current-voltage curves of obtained W-CACP; (g) the demonstration experiment of showing stable
electrical conductivity in a circuit with light-emitting diode and W-CACP at room temperature. (h) TG and
(i) DTG curves of W-CACP. (j) Compression test of the W-CACP based FPS.

Figure 5

The sensing properties of the obtained W-CACP based FPS. (a) Schematic illustration of the W-CACP
based FPS. (b) I-V curves of the FPS (under different pressure). (c) I-T curve of the W-CACP based FPS to
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show the periodic response feature after �nger bending (bending for 10 s after stretching for 10 s). (d) I-T
curve of the W-CACP based FPS in response to various folding angles, insets are the digital photos of
folding sensing with the W-CACP based FPS. (e) I-T curve of the W-CACP based FPS under rapidly
repeated the motions of folding-unfolding from 30° to 90°. (f) I-T curve of the W-CACP based FPS under
repeated bending and releasing for 2000 cycles. The W-CACP based FPS was used to monitor human
activities in real time: the changing current of the sensor corresponding to minimal strain change of (g)
�nger bending (clenching quickly after stretching for 10 s), and (h) arm bending. (i) I-T of the W-CACP
based FPS in terms of various sound stimuli, such as “China”, “People”, and “Republic”. (j) Relative
current change of the W-CACP based FPS monitoring wrist position pulse pressure. Inset are the optical
images of device attached on the wrist.
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