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ne oxide-based highly sensitive
pressure sensor for wearable electronics via an
ordered structure and enhanced interlayer
interaction mechanism†
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Xinliang Liu *ab and Shuangfei Wangab

Compressible carbon materials have promising applications in various wearable devices. However, it is still

difficult to prepare a carbon material with superior mechanical properties, stable strain-electrical signal

response, and high linear sensitivity. In this study, a compressible and conductive carbon aerogel with

excellent properties is obtained by designing an ordered wavy layered structure with enhanced

interactions between carbon layers. Bidirectional freezing is used to produce a wavy layered structure.

Cellulose nanocrystals (CNC) and lignin play important roles in enhancing the interactions between

reduced graphene oxide (rGO) layers. Due to the design of the carbon aerogel structure and interlayer

interactions, the prepared carbon aerogel exhibits supercompressibility (up to 99% ultimate strain),

excellent elasticity and fatigue resistance (91.3% height retention after 10 000 cycles at a strain of 30%),

and stable strain-current response. Moreover, the carbon aerogel demonstrated an ultrahigh sensitivity

of 190.94 kPa�1, a wide linear range (within strain of 0–80%), and a low detection limit for pressure

(0.875 Pa). These advantages suggest that this carbon aerogel has great application potential in wearable

devices.
1. Introduction

Compressible carbon aerogels have attracted widespread atten-
tion for applications in wearable and lightweight electronic
devices because of their chemical and thermal stability, good
electrical conductivity, low density, and mechanical exibility.1,2

These devices usually require highmechanical properties such as
elasticity, compressibility, fatigue resistance, etc.3–5 However,
most carbon aerogels suffer from poor mechanical strength as
a result of the few connections and fragile joints in the
networks.6,7 Therefore, it is still a great challenge to prepare
carbon aerogels with excellent mechanical performance.

Carbon aerogels have been fabricated via various methods
including solvent thermal8 or hydrothermal treatments,9,10

chemical vapor deposition (CVD),11 templating,12 and freeze-
casting.13 Rational design of microstructure is an attractive
research approach for improving the mechanical properties of
carbon aerogels. For example, a honeycomb carbon aerogel
prepared by directional freeze casting can withstand 50 000 times
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its own weight.14Due to the brittleness of carbon, when an aerogel
is subjected to high-strain cycles of compression, the structure
undergoes signicant plastic deformation and the compressive
strength decreases.15 In order to improve the mechanical prop-
erties of carbonmaterials, a layered structure was developed using
bidirectional freezing.15,16 Carbon aerogels with layered structures
prepared by bidirectional freezing have superior elasticity and
good fatigue performance (25 000 cycles under 50% strain).15

In recent years, researchers have developed a range of
multifunctional carbon aerogels using different materials such
as carbon nanotubes (CNT),17 graphene oxide (GO),18 melamine
foam/graphene,19 polyurethane/carbon sponges,20 and carbon
nanobers.21 GO is one of the most attention-getting carbon-
based materials due to its excellent conductivity, exibility,
and high strength.22,23 However, van der Waals forces between
graphene oxide nanosheets can cause severe agglomeration of
nanosheets, resulting in graphene-oxide-based carbon aerogels
with poor mechanical properties.24 Studies have found that
adding substances to enhance the interaction between gra-
phene oxides can prevent or hinder the condensation poly-
merization of graphene oxide aerogels during carbonization
reduction. For example, Peng et al. Prepared CNT/rGO–CNF
carbon aerogel with excellent elasticity (94.6% height retention
for 50 000 cycles) to enhance the interlayer interaction between
reduced graphene oxide by adding CNFs and CNT.25
This journal is © The Royal Society of Chemistry 2020
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In this study, carbon aerogels with super-compressibility,
excellent elasticity, high fatigue resistance, and high sensi-
tivity are fabricated by designing an orderly, wavy, layered
structure and enhancing the interactions between carbon
layers. The main factors responsible for these excellent prop-
erties are: (1) lignin and cellulose nanocrystals (CNC) can
enhance inter sheet interactions between the GO sheets, and (2)
the carbon aerogel microstructure is carefully designed using
bidirectional freezing to produce a wavy layered structure.
These features make carbon aerogels ideal candidates for
wearable devices that detect bio-signals.

2. Experimental section
2.1 Materials

Nanocellulose (diameter of 10–20 nm and length of 0.5–2 mm)
was purchased from Guilin Qihong Sci-Tech Co., Ltd. Sodium
hydroxide was purchased from Nanjing Chemical Reagent
Factory. Lignin was purchased from Sigma-Aldrich. Deionized
water was used exclusively in this study.

2.2 Fabrication of lignin–CNC–GO suspension

GO was prepared by a modied Hummers'method.26 25 mL of
sodium hydroxide solution (0.01 M) suspension containing GO,
CNC and lignin was prepared. The concentration of GO in the
suspension was 1 mg mL�1, the concentration of CNC was 2 mg
mL�1/4 mg mL�1/6 mg mL�1, and the concentration of lignin is
0.4 mg mL�1/2 mg mL�1/4 mg mL�1. To ensure adequate
dispersion of the CNC and GO, the mixture was stirred at room
temperature for 120 min and sonicated for 60 min. For
comparison, CNC–GO and lignin–GO suspensions were also
prepared by the same process.

2.3 Fabrication of aerogels

We refer to the bidirectional freezing method of Bai et al. For
bidirectional freezing of the dispersion.16 Both ends of a copper
plate were inserted into liquid nitrogen to form a cooling stage.
First, 6 mL of the above mixture was placed in a cubic plastic
(15 mm � 15 mm � 40 mm) mold placed on the surface of the
copper cooling plate. The bottom of the plastic mold was a 10�

wedge made of PDMS. Aer they were frozen, the obtained
lignin–CNC–GO nanocomposites were vacuum-dried for 48 h to
obtain the aerogel. The preparation of aerogel Lig/CNC–GO was
carried out in the same way with a lignin–CNC–GO suspension.
CNC–GO and lignin–GO suspensions were used to prepare
aerogels of CNC–GO and Lig–GO, respectively.

2.4 Fabrication of carbon aerogels

The aerogels were then carbonized in a tube furnace under N2

atmosphere. The rst stage of the process was carried out by
heating the furnace from room temperature to 200 �C
(5 �C min�1) and holding that temperature for 2 h. Then, the
aerogels were pyrolyzed by raising the temperature from 200 to
700 �C (3 �C min�1) and holding that temperature for 2 h to
obtain the carbon aerogels C–Lig/CNC–rGO, C–Lig–rGO, and C–
CNC–rGO, respectively.
This journal is © The Royal Society of Chemistry 2020
2.5 Characterizations

The unique microstructures of the samples were observed with
transmission electron microscopy (TEM; Titan G2 ETEM, FEI)
and scanning electron microscopy (SEM; Hitachi SU8220,
Hitachi). Raman patterns were measured on a Raman spec-
trometer (LabRAM HR Evolution, HORIBA Jobin Yvon) oper-
ating with a 532 nm laser. X-ray diffraction (XRD) patterns were
recorded on a SMARTLAB3KW diffractometer.

2.6 Mechanical and electrical testing

Compressive tests were carried out on a material testing
machine (Instron 3367A, England) with a 500 N load cell, and
samples were placed between two compression stages. The
resistance of the carbon aerogel was measured using a multi-
meter (VC890D). The electrical current was recorded by using an
electrochemical workstation (Autolab M204), and the applied
voltage was 1.0 V.

2.7 Assembly and testing of the compressible sensor

The sensor was fabricated by tting the carbon aerogel between
two poly ethylene terephthalate (PET) substrates adhered with
Cu electrodes. The real-time current signals were recorded by
connecting the sensor to an electrochemical workstation. The
current signal includes signals generated by compression,
bending, and biological pulses. The pressure sensing tests were
conducted by dropping water (50 mL) onto the sensor. The
compression-induced resistance change was recorded on
a multimeter (VC 890D).

3. Results and discussion
3.1 Fabrication of carbon aerogels and their
characterizations

As shown in Fig. 1a, the compressible carbon aerogels were
prepared by mixing, bidirectional freezing, freeze-drying, and
carbonization. GO and CNC are highly hydrophilic and have
good dispersibility in water. However, lignin is hydrophobic and
does not disperse well in water. Therefore, GO, CNC, and lignin
were dispersed in a 0.1 M sodium hydroxide solution. Cellulose
can form hydrogen bonds both intra- and inter-molecularly. In
particular, intra-molecular hydrogen bonds render glycosidic
bonds incapable of rotation, which makes them rigid. In recent
years, cellulose has been widely used as a reinforcingmaterial to
prepare high-performance biomass composite materials.27

Therefore, cellulose can increase the mechanical strength of the
carbon aerogel. In this work, cellulose was also used to prevent
the re-stacking of GO during freeze casting and annealing.28

Lignin, a natural polyphenolic material and a major by-product
of the paper industry, has a higher carbon content (40–60 wt%)
and can be converted into high-value carbonaceous materials. It
is well known that lignin provides mechanical strength and
rigidity to natural woody plants.29 Some researchers have
demonstrated the importance of lignin to the strength of
natural wood tissue by observing the ber lignication process
(increasing the lignin content).30 Bidirectional freezing results
in the directed growth of ice crystals in the lamellar structure of
RSC Adv., 2020, 10, 2150–2159 | 2151
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Fig. 1 (a) Schematic of carbon aerogel production. (b–d) SEM images of C–CNC–rGO, C–Lig/CNC–rGO, and C–Lig–rGO, respectively. (e–g)
Digital photographs of the compression of C–CNC–rGO, C–Lig/CNC–rGO, and C–Lig–rGO, respectively.
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the mixture.16 As shown in Fig. S1,† slope angles was able to
generate two temperature gradients: vertical and horizontal.31

On cooling, the bottom end of the wedge has a lower temper-
ature than the top end. Consequently, sample solidication
started at the bottom and then propagated to the top of the
wedge.16 Thus, the initial formed ice nucleus would grow with
the moved freezing points and form long-range paralleled ice
columns. These paralleled ice columns simultaneously grow
along vertical direction to form long-range paralleled ice
lamellas.16,31 During freeze-drying, ice is removed to produce
aerogels with layered structures. These layers are well preserved
during the carbonization process, as shown in Fig. 1b and c. The
graphene oxide is reduced to form reduced graphene oxide
during the carbonization process.
2152 | RSC Adv., 2020, 10, 2150–2159
As shown in Fig. S2,† CNC–GO and Lig/CNC–GO before
carbonization had good morphological retention. However,
signicant deformation of the Lig–GO sample occurred before
carbonization. Morphological changes in the aerogel indicate
that the CNC acts as a nano-support to reduce the deformation
of the GO aerogel during the freeze-drying process. Aer
carbonization, different degrees of shrinkage or deformation
were observed for the carbon aerogels (Fig. S2, ESI†). While C–
CNC–rGO and C–Lig/CNC–rGO exhibited some volume
contraction in the annealing process (Fig. S2, ESI†), these
volume changes were less than that observed in C–Lig–rGO. The
volume change of the carbon aerogel again indicates that the
presence of CNC can prevent or reduce the re-stacking of GO
during annealing. Table S1† shows the density of carbon
This journal is © The Royal Society of Chemistry 2020
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aerogels. The density of C–CNC–rGO is 3.5 mg cm�3 to 4.3 mg
cm�3, while the density of C–Lig/CNC–rGO was slightly
increased to 4.6 mg cm�3 to 5.7 mg cm�3. However, due to the
large volume reduction of C–Lig–rGO, the density of C–Lig–rGO
was higher (7.9 mg cm�3).

The SEM images of the carbon aerogels (Fig. 1) show that C–
Lig/CNC–rGO and C–CNC–rGO have orderly, continuous, wave-
like layers. However, C–Lig–rGO without CNC exhibits a disor-
dered structure. Fig. S4† shows the TEM images of C–Lig/CNC–
rGO and C–Lig–rGO, where lignin carbon dots can be seen.
These carbonized lignin dots allow for interactions between
adjacent rGO sheets or layers. In the Raman spectrum (Fig. S3a,
ESI†), strong bands were observed around 1346 cm�1 and
1592 cm�1, suggesting a disordered carbon structure (D band)
and ordered graphite structure (G band), respectively.32 Fig. S4b
(ESI†) shows the XRD patterns of the samples. The positions
and strengths of the peaks are related to the degree of graphi-
tization. Low graphitization is suggested by the wide and low
intensity peaks of C–Lig–rGO and C–CNC–rGO at 2q ¼ 23.6�.33

The XRD pattern of C–Lig/CNC–rGO shows a slightly stronger
wide peak at 2q ¼ 24.8�, which is indicative of high
graphitization.34
Fig. 2 (a) Height retention of C–CNC–rGO under different compression
strain. (c) Height retention of C–Lig/CNC–rGO under different compres
rGO-6 and (f) C–Lig/CNC–rGO-7 at a strain of 90% for 100 cycles. (g) Th
CNC–rGO-7 at a strain of 90% for 100 cycles. (h) The stress retention of C
of 90% for 100 cycles.

This journal is © The Royal Society of Chemistry 2020
Due to the brittleness of carbon, carbon aerogels oen lack
good compressibility and resilience. The introduction of
a layered structure can improve the mechanical properties of
a carbon aerogel, making it highly compressible. As shown in
Fig. 1g, C–Lig–rGO exhibited remarkable plastic deformation
upon compression, indicating poor elasticity, which can be
attributed to the disordered structure inside the aerogel.
However, C–CNC–rGO and C–Lig/CNC–rGO showed excellent
elasticity and could be restored to their original height aer
high compression, as shown in Fig. 1e and f. In this work, the
addition of CNC can maintain a stable, layered, wavy structure
of carbon aerogels. Some researchers have found that wavy
lamellar structures can undergo large geometric deformation.15

When stress is applied in a direction perpendicular to the wave
layers, the multi-arch structure can undergo large geometric
deformation, effectively preventing collapse of the material.15
3.2 Mechanical performance of carbon aerogels

Fig. 2 shows the elasticity of carbon aerogels. From Fig. 2a, it
can be seen that the height of C–CNC–rGO can recover to its
original height aer 10%, 30% and 50% compression strain,
but when the compression strain is 80%, 90%, the height has
strains. (b) Height retention of C–CNC–rGO after 1000 cycles of 30%
sion strains. Stress–strain plots of (d) C–CNC–rGO-3 (e) C–Lig/CNC–
e height retention of C–CNC–rGO-3, C–Lig/CNC–rGO-6 and C–Lig/
–CNC–rGO-3, C–Lig/CNC–rGO-6 and C–Lig/CNC–rGO-7 at a strain

RSC Adv., 2020, 10, 2150–2159 | 2153
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dropped and failed to return to its original height. The carbon
aerogel's height retention rate increased with the increase in the
amount of CNC in the sample. When the concentration of CNC
was 2 mg mL�1, the carbon aerogel's height retention rate was
69.5% under 90% compression deformation, and the amount of
CNC added at 4 mg mL�1 and 6 mg mL�1, the carbon aerogel
has a height retention rate of 81% and 80% under 90%
compression deformation. Fig. 2b shows the altitude retention
rate of C–CNC–rGO aer 1000 cycles under 30% strain. C–CNC–
rGO has a maximum height retention rate of 79% aer 30%
1000 cycles. Fig. 2c shows the height retention of the C–Lig/
CNC–rGO once cycled under different compression deforma-
tions. It can be seen that when the added of lignin is 0.4 mg
mL�1, the height of the carbon aerogel does not decrease aer
compressive strain of 10–80%, and the height of the carbon
aerogel is 95% of the original aer 90% compressive strain.
When the amount of lignin is 2 mgmL�1 and 4mgmL�1, C–Lig/
CNC–rGO-6 and C–Lig/CNC–rGO-7 can return to their original
height aer 10–90% compressive strain. The above results can
show that the addition of lignin signicantly improves the
resilience of carbon aerogels. Due to the interlayer interaction
caused by carbonization of lignin, C–Lig/CNC–rGO has a more
stable structure and higher mechanical compressive strength.
Fig. 2d–f are compressive stress–strain curves of C–CNC–rGO-3,
C–Lig/CNC–rGO-6, and C–Lig/CNC–rGO-7 at a strain of 90% for
100 cycles. The presence of hysteresis loops in the sample
indicates that the mechanical response of the carbon aerogel
during compression is viscoelastic behavior. This behavior
occurs on almost all compressible carbon.28 At a high strain of
90%, the height of C–CNC–rGO-3 decreased signicantly, and
the height remained at 40% aer 100 cycles (Fig. 2g). Fig. 2e
shows that C–Lig/CNC–rGO-6 showed no loss of height at 90%
strain aer 1 compression cycle and only 2% height loss aer 10
Fig. 3 Supercompressibility, elasticity, and fatigue resistance of C–Lig/C
99% for 10 cycles. (b) Height retention of C–Lig/CNC–rGO at a strain of 9
99% for 10 cycles. (d) Stress–strain plots of C–Lig/CNC–rGO-6 at a strain
a strain of 30% for 10 000 cycles. (f) Stress retention of C–Lig/CNC–rGO

2154 | RSC Adv., 2020, 10, 2150–2159
compression cycles. Even aer 90% strain for 100 cycles, C–Lig/
CNC–rGO-6 could recover 92% of its original height. C–Lig/
CNC–rGO-7 could recover 90% of its original height aer 90%
strain for 100 cycles. As can be seen from Fig. 2h, the stress of C–
CNC–rGO-3 at 90% deformation decreased to 71.0% at the 10th
cycle, and the stress retention at the 50th and 100th cycles
decreased signicantly to 59.4% and 55.6%, respectively. Under
the 90% strain condition, the stress retention of C–Lig/CNC–
rGO-6 and C–Lig/CNC–rGO-7 aer 100 cycles was 72% and 74%,
which was even higher than the stress retention of C–CNC–rGO-
3 aer 1 cycle.

Fig. 3 shows the supercompressibility and fatigue resistance
of C–Lig/CNC–rGO-6. The continuous and undulating rGO
layers allow for high compression. The C–Lig/CNC–rGO-6
sample could withstand an extreme strain of 99%, as shown
in Fig. 3a. As shown in Fig. 3b and c, the height retention and
stress retention of C–Lig/CNC–rGO-6 were 73.5% and 85%,
respectively, at an extreme 99% strain for 10 cycles. Fig. 3d
shows the high fatigue resistance of C–Lig/CNC–rGO-6 at up to
10 000 cycles at 30% strain. The interactions between the rGO
layers produced by the carbonization of the CNC and lignin can
produce a exible layer, and thus provide the aerogel with
excellent fatigue resistance. As shown in Fig. 3e, C–Lig/CNC–
rGO-6 almost completely recovered its height aer 2000 cycles
at 30% strain, and its height was 97% of the initial height aer
3000 cycles. Furthermore, the height retention only slightly
decreased to 91.3% aer 10 000 cycles. As can be seen from
Fig. 3f, the stress of the C–Lig/CNC–rGO-6 aerogel dropped to
95.8% at the 10 000th cycle at 30% strain. The ultra-stable
structure of C–Lig/CNC–rGO results in its high stress reten-
tion. The mechanical properties of C–Lig/CNC–rGO-6 are
superior to other compressible carbon materials such as sili-
cone sponges,35 carbonaceous nanobrous aerogels,13
NC–rGO-6. (a) Stress–strain plots of C–Lig/CNC–rGO-6 at a strain of
9% for 10 cycles. (c) Stress retention of C–Lig/CNC–rGO-6 at a strain of
of 30% for 10 000 cycles. (e) Height retention of C–Lig/CNC–rGO-6 at
-6 at a strain of 30% for 10 000 cycles.

This journal is © The Royal Society of Chemistry 2020
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polyimide-graphene aerogels,36 nanobrous aerogels,37 and
graphene aerogels,38 as shown in Table S2 (ESI†). These results
emphasize the superior mechanical properties of the C–Lig/
CNC–rGO-6 aerogel due to its continuous, wavy, layered struc-
ture and the interactions between CNC and lignin in the
enhanced rGO layer.
3.3 Strain and electrical signal response of carbon aerogels

Fig. 4a shows the current responses of C–Lig/CNC–rGO-6 at
different compressive strains (at a voltage of 1 V). It can be seen
from the gure that the current in C–Lig/CNC–rGO-6 increased
rapidly upon compression and decreased rapidly upon release.
The current intensity increased from 0.0001 A to 0.045 A as the
compressive strain was increased from 10% to 90%. This is
because the change in contact resistance of the material
conductive block affects the conductivity of the material. The
larger the interlayer contact area of the carbon aerogel at the
time of compression, the smaller the electric resistance and the
higher the conductivity. In order to investigate the current
response stability of C–Lig/CNC–rGO-6, we recorded the
compression cycle electrical signals of carbon aerogels at
different strains. As shown in Fig. 4b, C–Lig/CNC–rGO-6 was
cycled 10 000 times at 30% high strain, and the current change
was very stable with almost no attenuation aer 10 000 cycles.
Surprisingly, C–Lig/CNC–rGO-6 performed well for 100 cycles at
Fig. 4 Strain and electrical signal response of C–Lig/CNC–rGO-6. (a) Cu
10 000 cycles at 30% strain. (c) Current response for 100 cycles at 90
Normalized resistance R/R0 at different strains. (f) The gauge factor at s
Current at different bending angles.

This journal is © The Royal Society of Chemistry 2020
90% strain; the current slightly decreased during the initial 10
cycles and then became stable over the following cycles. The
current response stability of C–Lig/CNC–rGO-6 can be attrib-
uted to its highly stable mechanical properties.

Fig. 4d shows the sensitivity of C–Lig/CNC–rGO-6. The
sensitivity is calculated according to eqn (1).

S ¼ d(DI/I0)/dP (1)

where DI and I0 are the change in the current and initial current
without applied pressure, respectively, and dP is the pressure
change. It is worth noting that the sensitivity of C–Lig/CNC–
rGO-6 was high, reaching 86.41 kPa�1, and exhibited a wide
linear range (a stress of 3.5 kPa relates to 80% strain of C–Lig/
CNC–rGO-6, Fig. 4d), indicating that the aerogel can provide an
accurate output signal. Fig. 4d reveals a stable and sensitive
relationship between the applied pressure and the electrical
signal output. As shown in Table S2,† the ultra-high and wide-
range linear sensitivity of C–Lig/CNC–rGO-6 is superior to ex-
ible substrate-loaded carbon,39–42 sensitive lms,43–45 3D carbon
materials,46–48 and other common materials. Fig. 4g shows the
pressure detection limits for the C–Lig/CNC–rGO-6 aerogel. A
high-sensitivity sensor was fabricated by assembling a carbon
aerogel between two Au electrodes adhered to a polyethylene
terephthalate (PET) substrate. The sensor was able to detect
small changes in pressure with a detection limit as low as 0.875
rrent at different strains of C–Lig/CNC–rGO-6. (b) Current response for
% strain. (d) Ultrahigh linear sensitivity of stress from 0 to 3.5 kPa. (e)
trains from 0 to 6%. (g) Ultrahigh sensitivity for detecting tiny load. (h)

RSC Adv., 2020, 10, 2150–2159 | 2155

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08653f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 6
/2

8/
20

26
 9

:0
5:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Pa (50 mL water droplets). The current increased as the number
of water droplets was increased. In the region of pressure # 6
Pa, the current and stress maintained a good linear relationship
with a sensitivity of up to 190.94 kPa�1. These results demon-
strate the ultra-low detection limit and high sensitivity of the
carbon aerogel.

Another important parameter for characterizing sensor
sensitivity is the gauge factor (GF). The gauge factor (GF)
reecting strain sensitivity can be expressed by eqn (2)

GF ¼ d(DR/R0)/d3 (2)

where DR is the change in resistance with compression strain,
R0 is the resistance before strain, and 3 is the applied strain. The
normalized resistance (R/R0) curves of C–Lig/CNC–rGO-6 at
different strains are almost the same, as shown in Fig. 4e. These
results indicate that C–Lig/CNC–rGO-6 has an ultra-stable
Fig. 5 Applications of C–Lig/CNC–rGO–6 for body motion recognition
response to the pulse of an arm artery. (b) The output current of the senso
output current to knee flexion. (d) The current signals from sounds of 6

2156 | RSC Adv., 2020, 10, 2150–2159
structure. When the strain was less than 10%, the contact
area of the C–Lig/CNC–rGO-6 carbon layer increased rapidly,
leading to a linear drop in normalized resistance. Fig. 4f shows
that C–Lig/CNC–rGO-6 exhibited a GF of 16.17 within 5% strain,
which makes the C–Lig/CNC–rGO-6 an ideal strain sensor. In
addition, the sensor can be repeatedly bent from 0� to 180�

(Fig. 4h), and the conductivity of the sensor increases as the
bending angle increases. The compressive force generated
when the carbon aerogel is bent causes an increase in the
contact area between the wavy layers, and thus the electrical
resistance is lowered. These properties make the C–Lig/CNC–
rGO-6 an ideal sensor material.
3.4 Application of carbon aerogels as a wearable sensor

Beneting from its excellent mechanical performance, stable
current response, and high sensitivity, C–Lig/CNC–rGO can be
and biosignal detection. (a) The output current change of the sensor in
r varies with the respiration of the human body. (c) The response of the
0 decibels and 40 decibels.

This journal is © The Royal Society of Chemistry 2020
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attached to the human body as a wearable device to detect bio-
signals. Fig. 5 illustrates the change in current when the wearable
device records data from the human body. The sensor can record
the pulse of the human body. As displayed in Fig. 5a, a pulse wave
of 81 beats per min can be seen when the sensor is attached to
the wrist of an adult who is resting. It can be found that the
current difference caused by pulse vibration is 0.8 mA, which is
higher than the current difference caused by other graphene
oxide carbon aerogels under the same conditions, such as C–
CNC/rGO–glu2 carbon aerogel prepared by Zhuo et al. (0.4 mA).49

C–Lig/CNC–rGO can also capture human motion signals. As
shown in Fig. 5b, the respiratory rates of the human body during
running and resting were measured at 2 s per time and 3.5 s per
time, respectively. The sensor also records the motion signal of
the knee joint (Fig. 5c). In addition, it can clearly detect the
vibration of the throat when speaking at different levels, such as
60 decibels and 40 decibels (Fig. 5d). These results indicate that
the wearable sensor prepared using C–Lig/CNC–rGO has broad
application prospects in detecting human motion.

4. Conclusions

A carbon aerogel with high mechanical properties and high
sensitivity was successfully prepared by using cellulose and
lignin to increase the interaction between graphene oxide
layers. The prepared carbon aerogel has high mechanical
properties such as super compressibility, excellent elasticity and
good fatigue resistance. The linear sensitivity of the carbon
aerogel in the range of 0 3.5 kPa is 86.41 kPa, and the sensitivity
(0.6 Pa) under minute pressure is 190.94 kPa�1. These excellent
properties make this carbon aerogel ideal for pressure sensors.
The assembled sensor has good sensitivity to small signals such
as water droplets and human pulse. The prepared carbon aer-
ogel has good application prospects in wearable devices.
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