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ABSTRACT Sensing and responding to human motion stimuli are important features of wearable electronic
devices. The design and construction of deformable inner structures increase wearable sensors’ sensitivity
and accuracy. In this study, reduced graphene oxide porous belts (rGO-PBs) were successfully designed and
prepared using the intercalation/reduction method. The linear belts had excellent flexibility and conductivity.
Then, the flexible rGO-PBs were encapsulated with PDMS to construct wearable sensors. The rGO-PB
sensors demonstrated excellent accuracy, a fast response time (about 75 ms), a large sensing range (0-180°),
and outstanding durability (4,000 cycles). With these excellent properties, the belt-based wearable sensors
could monitor human motions, such as large joint movements and subtle muscle vibrations, detect voices, and
identify sample words. This outstanding performance indicated that the prepared rGO-PBs have numerous

possibilities for application in wearable electronic devices.

INDEX TERMS Deformation sensing, porous structure, wearable sensor, linear belt.

I. INTRODUCTION

Graphene has excellent force, thermal, optical, and electrical
properties and many application prospects [1], [2], [3], [4].
The layered structure of graphene nanoscale flakes is easy
to stack and forms a membrane. These properties give it
high electron mobility and tensile strength, and it can be
used as raw materials for energy storage devices [5], [6]
and sensors [7], [8], [9]. With the development of elec-
tronic skin and people’s improved quality of life, more
accurate, efficient, portable health and exercise monitor-
ing sensors are demanded [10], [11], [12], [13]. Flexible
and wearable sensors [14], [15], unlike traditional sensors,
can be directly worn on a person’s skin and realize the
real-time monitoring of physiological activities [16], [17],
[18], [19]. Among these sensors, graphene-based sensors
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have higher sensitivity and flexibility and can quickly
detect subtle changes in human movements [20], [21], [22].
Nowadays, graphene is usually used as a conductive mate-
rial to construct one-dimensional (1D) fiber or yarn sensors
[23], [24], two-dimensional (2D) film or fabric sensors
[20], [25], or three-dimensional (3D) aerogel sensors [26].
Since the special conjugated electronic structure and strong
van der Waals force, it is easy to stack and form 2D graphene
films. Nowadays, graphene and graphene oxide (GO) have
been utilized as the raw materials for the fabrication of
graphene films [27], [28]. Compared with graphene, GO with
oxygen-containing functional groups, can be formed into
stable colloidal suspension. This property is beneficial for
the formation of laminated and highly orientated structures.
Followed by the reduction process, the reduced graphene has
controllable structural and chemical properties, making it one
of the most important precursors for fabricating graphene
films.
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Graphene-based porous materials usually include 2D
porous films and 3D porous aerogels [29]. 2D porous
graphene-based films usually refer to holey graphene or
graphene nano-mesh. As previously reported researches,
these 2D porous graphene films possess abundant micro-
to meso-holes or pores, using for filtering or molecular
screening [30]. In addition, 3D porous graphene-based mate-
rials include graphene aerogel, graphene foam, and graphene
sponge [31]. These porous graphene-based materials are pre-
pared by self-assembly or template assisted method. The
porous templates, such as like metal oxides [32], commercial
Ni foams [33],or nickel NPs [34] are used to construct porous
structures. The applied template was then removed, leading to
the production of 3D porous graphene.

However, designing graphene-based 2D porous materials
is still challenging. The large-scale production of graphene-
based porous materials is also difficult [35], [36]. The design
and construction of these materials with a deformable inner
structure is an effective way to improve their sensing perfor-
mance [37]. Recently, Jia et al. used a pre-stretching method
to generate wrinkles and improve the performance of sensors.
The prepared graphene film-based pressure sensor had an
outstanding sensitivity, reaching 178 kPa~! [38]. Sheng et al.
used a GO aqueous dispersion to form a porous structure
to prepare pressure sensors, which demonstrated a high sen-
sitivity of 161 kPa~! [39]. But using carbonate particles
as a template, to construct 2D porous graphene films still
lacks research. In addition, using the reduction method to
prepare porous graphene films proved to be a feasible method
[40], [41], which graphene oxide films (GO-Fs) were used
as raw materials. Materials with porous [42], [43], wrinkled
structures, or rough surfaces have deformable inner struc-
tures, and they are feasible to design. These deformable
structures could enhance the signal accuracy, and facilitate
and improve the performance of sensors. Constructing porous
structures can effectively improve the deformation sensing
performance and conductivity of graphene-based materials,
and also expand their applications.

In order to improve the wearability and sensing perfor-
mance, a facile and simple method used to form porous
graphene belts is presented in this paper. The preparation
method is simple and reproducible. The porous structures
were successfully designed and prepared using the inter-
calation/reduction method. The porous structures endow
excellent electrical and flexible properties to the belts. Mean-
while, the porous belts demonstrated good performance and
sensitivity in detecting bending degrees. The prepared belts
were used to fabricate wearable sensors. The porous graphene
belt sensors demonstrated excellent flexibility, accuracy,
a fast response time, and durability in detecting human
motions. In this study, the prepared sensor demonstrated a
proof-of-concept and will be finalized for wearable sensors.
The prepared wearable sensors based on porous graphene
belts would have good application prospects in detecting
various human motions.
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Il. MATERIALS AND METHODS

A. RAW MATERIALS

Graphene oxide aqueous dispersion (GO, 10mg/mL, Carbon
Fountain Technology), anhydrous sodium carbonate
(NayCOs3, >99wt%, Yungtay Chemical Reagent Co., Ltd.),
hydriodic acid (HI, AR, >47.0%, Meeker Chemical Co.,
Ltd.), and polydimethylsiloxane (a 10:1 mixture of prepoly-
mers and curing agents, Sylgrad-184, Dow Corning) were
acquired and used as received.

B. PREPARATION OF REDUCED GRAPHENE OXIDE
POROUS BELTS (rGO-PBs)

Firstly, Na,CO3 solutions with different concentrations
(0.2-1 mol/mL) were prepared. Then, 1 mL salt solution was
taken and mixed with 9 mL GO solution (7 mg/mL) to prepare
the composited solution at room temperature for 1 hour. The
composited solution was thoroughly stirred to obtain a uni-
formly mixed GO solution. 9 mL of the blended solution was
transferred into a 3 x 10 cm polystyrene mold. The mixed
solution was dried in an oven at 60 °C for 12 hours. After that,
a graphene oxide film (GO-F) containing Na;CO3 particles
was obtained. The composited GO-Fs were reduced at 200 °C
for 8 hours using HI for chemical reduction. After reduction,
the membrane was repeatedly sonicated and washed in anhy-
drous ethanol. After drying, a reduced graphene oxide porous
film (rGO-PF) was obtained. The prepared film was cut
into linear reduced graphene oxide porous belts (rGO-PBs)
using a roller blade. For comparison, the pure graphene oxide
films (GO-Fs) and reduced graphene oxide belts (rGO-Bs)
were also prepared by the same preparing method as above
mentioned. For clarity, graphene oxide film was defined as
GO-F, reduced graphene oxide film was defined as rGO-F,
reduced graphene oxide belt was defined as rGO-B, reduced
graphene oxide porous film was defined as rGO-PF, reduced
graphene oxide porous belt was defined as rGO-PB.

C. CONSTRUCTION OF rGO-PB SENSORS

The prepared rGO-PB was used as a conductive core material.
Both ends of the rGO-PB were connected to conductive
copper belts. Then, PDMS was used as a protective and
insulative film. The encapsulated rGO-PB sensors were
dried at 80 °C for 8 hours. The prepared wearable sensors
were attached to a person’s finger, wrist, arm, and throat.
The medical-grade double-sided adhesive was utilized to
adhere the sensor to the surface of the skin. Sensing sig-
nals were detected using a Keithley Ke2400s digital source
meter.

D. CHARACTERIZATION

The morphologies of prepared samples were observed and
tested via EDS using a field thermal emission scanning
electron microscope (vltra55), and the resistance changes
were measured with a Keithley Ke2400s digital source meter
(output current 0.001mA). The mechanical properties of the
rGO-PBs were measured with an Electronic Textile strength
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instrument (YGO026T-II, Ningbo Textile Instrument Factory,
China). N adsorption tests for specific surface areas were
conducted using the fully automated surface area and porosity
analyzer (Micromeritics ASAP 2460). The X-ray powder
diffraction (XRD) data were done using X-Ray Diffractome-
ter (BRUKER D8 Advance). The FTIR spectra of prepared
samples were tested with FTIR analyzer (Nicolet 5700). The
XPS (K-Alpha)was also used to characterized the prepared
samples.

Ill. RESULTS AND DISCUSSION

A. PREPARATION AND INNER STRUCTURE OF rGO-PBs
The porous belts are prepared as illustrated in Figure 1.
Firstly, different mass proportions of reduced graphene oxide
porous films (rGO-PFs) were designed and prepared as
shown in Figure 1(a). The produced films formed an ununi-
form porous structure between the layers, as illustrated in
Figure 1(a). The membrane was easily cut into linear belts.
Compared to the rGO-PFs, the porous belts with a linear
structure were highly flexible. The linear belts were encap-
sulated with PDMS to form wearable sensors, as shown in
Figure 1(a). The flexible rGO-PB sensors were used to mon-
itor large joint and muscle movements and tiny vibrations,
as demonstrated in Figure 1(b).
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FIGURE 1. Preparation of rGO-PBs and their application. (a) Illustration of
design and formation of rGO-PBs; (b) rGO-PB sensors used to monitor
human motions.

The morphology and inner structure of the prepared com-
posited GO-Fs and rGO-PBs are observed and shown in
Figure 2. A cross-section SEM image of the composited
GO-F showed a typical lamellar structure, as shown in
Figure 2(a)-1. The thickness of the composited film was
about 5 um. It can be seen that the composited GO-Fs showed
typical lamellar structures. The partially enlarged compos-
ited GO-F is shown in Figure 2(a)-2. NayCOj3 particles
were present between the compressed lamellar structures.
The inner structure of the rGO-PBs can be observed in
Figure 2(a)-3. The rGO-PBs also demonstrated a lamellar
structure. The thickness of rGO-PB was about 8 um, which
was larger than that of the composited GO-F. However,
the rGO-PBs had porous inner structures, as the partially
enlarged figure shown in Figure 2(a)-4. The porous structure
formed during the reduction process. For comparison, a pure
reduced graphene oxide belt (rGO-B) is also observed in
the Supplementary Materials (Figure S1). This pure rGO-B
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FIGURE 2. Morphologies of rGO-PBs and their chemical and physical
properties. (a) SEM images of composited GO-F and rGO-PBs;

(b) Morphology and preparation principle of rGO-PBs (1-the cross-section
image of composited GO-F (Na, COz particles marked with red dashed
circles), 2-the cross-section image of rGO-PB, 3-the enlarged image of
inner pores of rGO-PB, 4-schematic diagram of the preparation process of
rGO-PB); (c) elemental analysis of rGO-PBs before and after reduction;
(d) specific surface areas of graphene belt and rGO-PBs at different
concentrations (from 0.2 to 1 mol/mL); (e) stress-strain curves of pure
rGO-B and rGO-PBs at different concentrations.

demonstrated a neat layer-upon-layer structure, showing a
typical feature of graphene film [44], [45]. Unlike the layer
stacking structure of pure graphene film and composited
GO-Fs, a large gap was present between the graphene layers
of each rGO-PB. When received external stimuli, this inner
porous structure would facilitate deformation sensing and
cause resistance changes, as illustrated in Figure 1(a). The
interfacial interactions among the rGO-PBs and the distri-
bution morphology of salt particles inside the membrane
were also analyzed. The Na,COj3 particles marked with red
dashed circles intercalated between the GO layers as the
cross-section image shown in Figure 2(b)- 1. Since the uneven
sizes of salt particles, the rGO-PBs formed nonuniform pores
as shown in Figure 2(b)-2. The irregular pores horizontally
distributed along the membrane as shown in Figure 2(b)-2.
More importantly, the outer shell above and below the porous
film was intact, providing continuous support for subse-
quent sensing. Furthermore, the enlarged view of pores also
confirmed the inner porous structure of rGO-PBs after the
reduction process as demonstrated in 2(b)-3. These special
structures would provide the possibility for rGO-PBs to
possess outstanding sensing performance.

The mechanism of forming rGO-PBs is illustrated in
Figure 2(b)-4. In the initial state, NapCOs3 particles were
mixed into and layered between the GO sheets. During the
formation of the film, the GO sheets were reconstructed
and stacked layer by layer. Meanwhile, the Na,CO3 par-
ticles also accumulated as the interlayer water evaporated.
And the NayCOs3 particles were stacked and enclosed within
the lamellar flakes structure as illustrated in Figure 2(b)-1.

103737



IEEE Access

S. Liu, Z. Zhang: High-Sensitivity Wearable Sensors Based on Porous Graphene Belts

The NapyCOj3 particles intercalated between the GO layers
and worked as templates for forming pores. The composited
GO-F had a neat, layer-upon-layer structure as shown in
Figure 2(a)-1. Then, the reduction process subsequently con-
tinued. During the reduction process, the oxygen-containing
functional groups of GO were reduced by HI. Meanwhile,
HI also reacted with the NayCOj3 particles. A compound
reaction occurred between the carbonate and acid during the
reduction process. The NayCOs3 particles underwent double
decomposition and turned into an ionic state. The original
positions of Na,COj3 particles would change into holes as
shown in Figure 2(b)-2. More importantly, CO5 2 produced
CO3, expanding the original size of the pores. The interlayer
CO; gas enlarged the interlayer spacing during the escape
of CO;. The intercalated salt particles and the effect of CO,
gas created numerous holes between the lamellar structure.
These pores were irregularly distributed between the flakes
and greatly increased the specific surface area of the tGO-PBs
as demonstrated in Figure 2(b)-2 and -3. After reduction, all
the salt ions were washed away, and the rGO-PBs were finally
obtained.

The elemental analysis of composited GO-F and rGO-PBs
was also performed using EDS, as shown in Figure 2(c).
The results show that the composited GO-F mainly consisted
of three elements: C, O, and Na. These results indicated
the NayCO3 particles were inserted between the GO sheets.
After reduction, the rGO-PBs only contained C and O ele-
ments. The peak intensity of the O element was obviously
decreased after reduction. These results were caused by
that the oxygen-containing functional groups of GO were
reduced with HI. The carbonate and acid ions underwent
a double-decomposition reaction and were washed away.
These results show that the oxygen-containing functional
groups were reduced, and the NayCO3 particles were almost
removed. The XRD was also used to characterize the chem-
ical properties of the prepared rGO-B and rGO-PB. The
XRD patterns of pure GO-F, rGO-B, composited GO-F
(containing Nap;CO3 particles), and rGO-PB are shown in
Figure S2 (Supplementary Materials). The diffraction peak
is observed at 10.9° for GO-F, attributed to the introduction
of oxygen-containing functional groups [46]. After reduction,
rGO-B exhibited a distinct diffraction peak at 24.3°, indicat-
ing the removal of oxygen-containing groups [47]. And the
diffraction peak at 10.9° disappears completely indicating the
development of a certain graphitic structure. A broad band
at about 25° appeared in the XRD pattern of composited
GO-F (containing Nay COs particles), indicating that Na, CO3
particles inserted between GO sheets. And the slight reduc-
tion of GO in the forming process since NaCO3 can be
used as a reduction agent at high temperatures [48]. After
reduction, the peak of rtGO-PB obviously became broad, indi-
cating a disorder in internal structure since its inner porous
structure. In addition, the prepared GO-F, composited GO-F,
and rGO-PB were analyzed by FTIR as shown in Figure S3.
The main functional groups were recognized, such as epoxy
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(1039 cm!, -O- stretching), hydroxyl (1390 cm~!, -OH
deformation), carboxyl or carbonyl (1614 cm™ 1 _OH stretch-
ing and 1720 cm™!, C=0 stretching) [49]. Compared to
GO-F, the peak intensity at 3425 cm™! of the carboxylic
acid or alcohol groups decreased and the peak at 1720 cm™!
diminished, indicating the carboxyl groups of the compos-
ited GO-F were decomposed since the slight reduction. The
peak at 705 cm~! was the carbonate bands of Na,COs.
After reduction, the peaks at 1039 em~! and 1390 cm™!
were also decomposed indicating the GO was reduced to
rGO [50]. Meanwhile, the peak at 705 cm™! decomposed
indicated the NayCO3 particles underwent double decompo-
sition [51]. Furthermore, XPS was also used to characterize
the prepared samples. The GO-F only contained C and O
elements, as the Cls (284.1 eV) and Ols (532.1 eV) peaks
are shown in Figure S4. Nals peak (1072.1 eV) could be
seen in the composited GO-F as demonstrated in Figure S4.
After reduction, the rGO-PB only had C and O elements,
indicating the NapCO3 particles were reacted and removed
since the double decomposition reaction. Compared to GO-F
and composited GO-F, the intensity of Ols was decreased,
indicating the Oxygen-containing functional groups of GO
were reduced. And the results corresponded to XRD analyses.
Through the characterization of EDS, XRD, and FTIR, the
oxygen-containing functional groups of GO were reduced by
HI. And the Na;COs particles underwent double decompo-
sition during the reduction process. These results proved that
the rGO-PBs were prepared after reduction.

The specific surface area is an important feature of porous
materials. The specific surface areas are shown in Figure 2(d).
The specific surface area was different since the concentra-
tions of NapCO3 solution ranged from O to 1 mol/L. The
specific surface area of pure rGO-B was 1.65 m*/g. The
specific surface area of rGO-PBs showed an increasing and
then decreasing trend with an increasing salt concentration.
The maximum value of the specific surface area of tGO-PBs
was 59.83 m?/g when the salt concentration of 0.4 mol/L.
It is not difficult to understand that the increasing trend of
the specific surface area of rGO-PBs from 0 to 0.4 mol/L. The
results were caused by salt particles occupying the interlayers
and forming porous structures during the reduction process.
As the salt concentration increased, the pore space increased,
and thus the specific surface area effectively increased. But
as the concentration of salt increased from 0.6 to 1 mol/L,
more NapCOs particles accumulated and seriously affected
the layer structure. The inner structure showed an obvious
agglomeration phenomenon at a concentration of 1 mol/L.
The SEM image of the composited GO film is shown in
Figure S5. The NayCOs particle occurred serious accumu-
lation. After reduction, the film became fractured, seriously
damaging its mechanical properties. And the salt particles
not only intercalated between the layer structure, but also
appeared on the surface. These phenomena destroyed the
layered structure of the rGO-PBs. These events also led to
a decrease in the porosity, and thus a gradual decrease in
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the specific surface area. Moreover, the inner structure also
showed an obvious agglomeration phenomenon at a concen-
tration greater than 1 mol/L. This agglomeration phenomenon
resulted in the structure of the rGO-PBs becoming fragile.
A higher concentration would have led to an unstable rGO-PB
structure, making them difficult to use as sensor materials.

The mechanical properties of the rGO-PBs are also ana-
lyzed and shown in Figure 2(e). The breaking strength
gradually decreased with the increase in salt concentration,
as shown in Figure 2e. The pure graphene belts had a max ten-
sile stress of 100.3 MPa. The tensile strength of the rGO-PBs
decreased due to the increase in salt concentration. However,
the breaking elongation of the rGO-PBs demonstrated first
increased, and then decreased. The rGO-PBs had a max strain
of 5.1% at a concentration of 0.6. And the elongation at
break of rGO-PBs was 4.9% at the concentration of 0.4. The
breaking strengths of the rGO-PBs were about 79.5 MPa
and 80 MPa at salt concentrations of 0.4 and 0.6, respectively.
The porous structure increased the layer space and led to
the tensile strength decreasing. The rGO-PBs had a larger
specific surface area at a concentration of 0.4, showing an
excellent and stable porous structure. The porous structure
increased the number of wrinkles in the inner structure,
leading to more space and deformation. After analyzing the
specific surface area and mechanical properties, the rtGO-PBs
at a concentration of 0.4 were chosen as the raw material used
to construct wearable sensors.

B. PERFORMANCE OF rGO-PB SENSOR
In order to analyze the sensing performance, pure rGO-Fs
were also cut into belts (rGO-Bs). The resistance changes
in the rGO-Bs and rGO-PBs under different bending angles
were analyzed and shown in Figure 3. The resistance changes
in the pure rGO-Bs under different bending angles are shown
in Figure 3(a). The resistance changes curves of the rGO-Bs
demonstrated a stepwise trend at bending degrees from 30°
to 120°, reflecting the characteristics of deformation sensing.
In the range from 120° to 180°, the resistance of the tGO-Bs
was almost unchanged. These results probably resulted from
the larger bending angles affecting the inner structure. At a
bending degree of 120°, the inner graphene nanosheets
almost underwent the largest deformation. Further bending
could not cause its inner structural changes.

The gauge factor (GF) is an important factor in evaluating
the performance of sensors. In this paper, the GF was calcu-
lated as follows [52]:

AR
GF = — €))]
RAe
h 2
£ = —
2r
2 in (2 3
c=2r xsin| —
2r

In the equation above, R represents the initial resistance,
A R represents the resistance variation, & represents tensile
strain, h represents the sensor thickness, r represents the
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FIGURE 3. Sensing performance of pure rGO-Bs and rGO-PBs. (a) The
resistance changes in graphene belts under different bending degrees;
(b) GF of rGO-Bs; (c) resistance changes in rGO-PBs under different
bending degrees; (d) fitting curve of resistance changes in the rGO-PB
under different bending degrees; (e) GF of rGO-PBs; (f) response time of
rGO-PB; (g) cyclic stability of rGO-PB; (h) deform sensing mechanism of
rGO-PBs during bending.

radius of curvature, I represents the arc length, and c repre-
sents the chord length.

The GF curve of the rGO-Bs is shown in Figure 3(b). The
sensitivity fitting curve of the pure rGO-Bs first increased,
and then decreased, as shown in Figure 3(b). In detail, the
GF of the rGO-Bs gradually increased from 0° to 120°
with the bending angle and reached the maximum value of
2500. From 120° to 180°, the GF value of the pure rGO-Bs
decreased. And the fitting degree (Ry) of the curve reached
about 95.6%. In addition, the bending resistance changes
in the rGO-PBs are shown in Figure 3(c). The resistance
changes increased with the bending degree from 0° to 180°.
Compared to the pure rGO-Bs, the rGO-PBs still had sensing
performance at large bending degrees. These sensing per-
formances indicate the rGO-PBs possessed a larger sensing
range. The GF curve of the rGO-PBs also increased with the
bending angle, as shown in Figure 3(d). The GF value of the
rGO-PBs was about 1.5 x 10”4 at a bending degree of 180°.
In addition, the R, reached about 96.7%, which was also
higher than that of the pure rGO-Bs. These results might be
attributed to the larger deformation of the rGO-PBs. In order
to comprehensive evaluation of the sensor performance, the
response time and the cyclic stability of rGO-PB were also
invested in Figure 3. The response time of rGO-PB was about
80 ms and the recovery time was about 100 ms during the
bending process as shown in Figure 3f. The fast response time
could endow real-time detection performance to rGO-PB
sensors. In addition, the cyclic stability was also investigated.
As shown in Figure 3g, the rGO-PB was repeatedly and
rapidly bent to 180° more than 800 times. During the bend-
ing tests, the resistance changes of rGO-PB were relatively
stable, showing excellent durability as the inset of Figure 3g
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demonstrated. The stable resistance changes indicated the
inner structure of rGO-PB experienced steady deformation.

The sensing mechanism of rGO-PBs is described in this
section. As shown in Figure 3(h), the rGO-PBs had many
irregular inner pores in a normal state. These porous struc-
tures are the foundation for sensing and facilitate sensing with
external stimuli. During the bending process, the graphene
nano-sheets experienced slipping and dislocation in the inner
structure. These slipping and dislocations form cracks in the
pores, which directly led to a resistance increase. Moreover,
these inner structure changes were enhanced with a gradual
increase in the bending angle. Thus, the resistance changes
increased with the bending degrees. When they returned to a
normal state, these graphene nano-sheets recovered to their
original state. Meanwhile, resistance also returned to a nor-
mal state. These inner structural changes would satisfy the
requirements of deformation sensors.

Due to its excellent deformation sensing performance,
a prepared rGO-PB was used as a wearable sensor. Flexible
PDMS was used as a protective and insulated shell around the
rGO-PBs. The morphology of the rGO-PB sensor was also
observed. A digital image of the rGO-PB sensor is shown in
Figure 4(a). The outside and protective shell is transparent,
and the internal rGO-PB is black. A partially enlarged image
of the rGO-PB sensor also displays the inner structure. The
rGO-PB was in the middle part, and the PDMS film was
positioned in the outside part. The cross-section image of
the rGO-PB sensor shows the layer-upon-layer structure and
porous structure as shown in Figure 4(a). During the encapsu-
lation process, a small quantity of PDMS solution penetrated
into the porous structure, and the pores between the faces
became smaller. These results led to a certain improvement
in the mechanical properties of the porous structure and
enhanced the wearability of this flexible sensor. The resis-
tance changes in the rGO-PB sensor during the stretching
process are demonstrated in Figure 4(b). The elongation
of the rGO-PB was larger than that of the pure rGO-Bs.
These results indicate that the rGO-PB sensor had excellent
flexibility due to its inner porous structure. PDMS not only

Strain(%)

ARR(%)
ARR,(%)

Time(s) Time(s)

FIGURE 4. Performance of rGO-PB sensor. (a) Morphology of rGO-PB
sensor; (b) the resistance changes in rGO-PB sensor during the drawing
process; (c) the resistance changes in rGO-PB sensor under different
bending degrees; (d) the response time of rGO-PB sensor; (e) the
resistance changes in rGO-PB sensor after a test with 4000 cycles.
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encapsulated the outside of the porous belts, but also infil-
trated the inner pores. And this physical bonding improved
its mechanical properties and also hindered the peeling and
fracturing of the graphene layers. Thus, PDMS endowed the
rGO-PB with excellent mechanical properties and a wider
detection range for use as a wearable sensor.

The rGO-PB sensor was bent to different bending degrees
as shown in Figure 4(c). With the increasing bending degrees,
the rGO-PB sensor demonstrated a stepped increase. And
the resistance also showed accuracy and stability in detect-
ing different bending degrees. This result was according to
the sensing performance of rGO-PB. In order to determine
the response time, the encapsulated sensor was rapidly bent
to 90°. The response time of the rGO-PB sensor was about
75 ms, as shown in Figure 4(d). As shown in Figure S6, the
response time is similar to those of the previously reported Ag
nanowire [53] and graphene woven fabric strain sensors [25].
This fast response time is superior to those of the previously
reported wearable sensors, such as graphene-based fiber [23],
film [38], [54], and aerogel sensors [55]. This fast response
time may contribute to monitoring human motion, achieving
real-time monitoring and converting complex signals into
electrical signals. The cyclic stability of rGO-PB sensor was
also measured. As shown in Figure 4(e), resistance changes
in the rGO-PB sensor were measured at a bending angle
of 90° after a test with 4,000 cycles. During the bending
cycle process, the resistance changes in the rGO-PB sensor
remained almost constant, demonstrating excellent stability.
In addition, the resistance change curve in the initial state was
smoother than that of at the end of the bending cycle test,
as Figure 4(e) shows. At the beginning of the cyclic test, the
AR/R( resistance was about 190%. After 4,000 cycles, the
resistance amplitude was about 185%. These differences indi-
cate that the internal structural changes are tending toward
stability during bending process. The rGO-PB sensor still had
the same sensitivity even after the cyclic test. These results
indicated the stability of the inner structure. Moreover, the
deformed laminar structure recovered well during the cyclic
bending test. These results prove that this sensor has good
reliability and durability during bending cycles. As can be
seen from the above results, the prepared rGO-PB sensor
demonstrated a low detection limit, long durability, and fast
response time. These performances indicate that rGO-PB
sensors have promising applications as wearable sensors and
could be used for detection in various fields.

C. APPLICATION OF RGO-PB SENOR

The prepared rGO-PB sensor had excellent durability, a wide
bending range, and detection accuracy, enabling it to be used
as a prototype of the wearable device. Thus, the rGO-PB
sensor was installed on a person’s skin for detecting and
recognizing human motions. The rGO-PB sensor was first
mounted on a joint to monitor the bending and stretching
of their finger. Figure 5(a) shows the resistance variation
in the rGO-PB sensor mounted on the finger at different
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FIGURE 5. Wearable rGO-PB sensor used to detect and identify human
motions. (a) The resistance changes in rGO-PB sensor in detecting the
different motions of a finger; (b) and (c) the resistance change curves of
rGO-PB sensor in detecting the motions of a wrist and upper arm; (d) the
resistance change curve of rGO-PB sensor in detecting of swallowing;

(e) and (f) the resistance change curves of rGO-PB sensor in detecting
voice and identifying simple words.

bending angles. The resistance changes in the rGO-PB sensor
increased with the bending degree of the finger, indicating
excellent accuracy and stability. Then, the rGO-PB sensor
was mounted on the person’s wrist to detect the bending
and stretching movements, as shown in Figure 5(b). The
resistance curves demonstrate the bending and stretching
of the wrist. As Figure 5(b) shows, the resistance change
curve had some fluctuations, meaning that the wrist mus-
cles’ movements are complex during the bending process.
In addition, the prepared rGO-PB sensor was installed on
the upper arm muscle to detect motion. Interestingly, the
resistance increased at the beginning, then decreased rapidly,
and returned to a normal state as shown in Figure 5(c). These
results were caused by complex movements of the upper
arm muscles. These results also demonstrate that the rGO-PB
sensor had outstanding accuracy in detecting complex move-
ments. The above results show that the rGO-PB showed
different responses and good stability in detecting flexion-
relaxation movements. These results validate the possibility
of rGO-PB sensors being a prototype for wearable devices.

Moreover, the prepared sensor was installed on a per-
son’s throat to detect the vibration of the laryngeal muscles.
As shown in Figure 5(d), the rGO-PB sensor could monitor
and identify swallowing actions. The test results show that the
resistance signal changed with the vibration of the throat mus-
cles. Furthermore, the rGO-PB sensor could detect muscle
motion and recognize pronunciation and some simple words.
As shown in Figure 5(e) and (f), the repetition of different
words, such as “Hello” and “Hi”’, could be detected and
identified. The accuracy and precision of detecting pronunci-
ation demonstrate a promising application in helping persons
with throat injuries. The results showed that the rGO-PB
sensor could accurately monitor the changes in small vibra-
tions. The tests on the joint and muscle vibrations showed
that the prepared sensors would have helpful applications in
monitoring all kinds of human movements. The excellent per-
formance of rGO-PB sensors supports their use as wearable
electronic devices.
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IV. CONCLUSION

In conclusion, we propose a versatile and simple method for
preparing highly sensitive, porous graphene belts (rGO-PBs).
The prepared rGO-PBs had porous inner structures and excel-
lent flexibility. The rGO-PBs had outstanding sensing per-
formance in detecting bending angles. The formed rGO-PB
sensor also demonstrated excellent accuracy, a fast response
time (75ms), stability (4000 cycles), and good signal conver-
sion. Wearable rGO-PBs sensors could detect and identify the
different movements of the human body, such as the finger,
wrist, and arm. More importantly, this wearable sensor could
identify the vibration signal response of the throat and iden-
tify sample words. This low-cost fabrication method and the
outstanding sensing performance of these rGO-PBs indicate
great potential for future wearable electronics.

APPENDIX

Supplementary Materials: The following supplementary
materials can be downloaded online. Figure S1: Digital image
of neat pure rGO-Bs; Figure S2: XRD patterns of the prepared
rGO-PBs; Figure S3: FTIR spectra of the prepared samples;
Figure S4: XPS spectra of rGO-Bs; Figure S5: SEM image
of composited GO-F at SEM image of composited GO-F;
Figure S6: Comparison of the response time of the prepared
rGO-PBs sensor in this work with some previously reported
Sensors.

INFORMED CONSENT

All subjects gave their informed consent for inclusion before
they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Zhejiang SCI-Tech
University.
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