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Abstract 

It remains challenging to prepare wearable strain and pressure sensors with excellent 

mechanical properties, ultra-high flexibility and sensitivity. Electrically conductive 

graphene platelets (GnPs) with high structural integrity are used in making a 

composite film fabricated using robust fabrication techniques. The gauge factor for 

the strain is up to 100 at 0-5% strain and 50 at 5%-30% strain, and the sensitivity to 

pressure is 2.7×10 -2 kPa -1 between 0-10 kPa and 1.5×10 -4 kPa -1 between 300-1000 kPa. 

In addition, the flexible sensor demonstrates good repeatability and durability after 

1000 cycles of tensile and compression tests. The flexible sensor has fast response 

ability and a wide operating temperature range, suggesting the excellent response to 

temperature. The flexible sensor is applied in monitoring several human motions as a 

wearable device with high accuracy. The ability to detect strain, pressure and 

temperature of the flexible sensor extends its applications to multifunctional wearable 

devices. 

Key words: Graphene; Composite film; Strain and pressure sensor; Wearable 

device. 

Running title: Graphene-based wearable strain and pressure sensors 
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1. Introduction 

Stretchable and high sensitive sensors have attracted increasing interest with diverse 

applications including wearable devices [1-4], structural health monitoring systems [5] and 

artificial skin [6-8]. Flexible strain sensor and pressure sensor are mainly made of 

conductive composites consist of conductive filler and soft matrix [9-11]. Three main 

transduction mechanisms, including capacitance [12], piezoelectricity [13, 14], and 

piezoresistivity [15-17], depending on different composite materials, are identified for 

transduction of pressure or strain into electrical signals. Among the sensors with the above 

three transduction mechanisms, the piezoresistive sensor displays the superiorities of 

simple device structure, large measurement range and high sensitivity [18, 19]. However, 

most of the piezoresistive sensors are limited to only monitoring pressure or strain change 

[20-23]. Therefore, it is challenging to develop multifunctional flexible sensors with high 

sensitivity to both pressure and strain to enhance sensing versatility and reduce their cost in 

wearable devices. 

The widely used matrix materials are the intrinsic elastic and extensible materials with high 

transparency and rapid respond to signals [24, 25], such as polyurethane (PU) [26], epoxy 

[27] and silicone rubber [28, 29]. These matrix materials provide the support for conductive 

fillers and determine the mechanical properties of composites. Considering flexibility and 

good fitness to the skin as a wearable device, silicone rubber has been selected as flexible 

substrate with advantages such as good elasticity and extensibility, rapid response to tensile 

and compression with skin-friendly breathability [30, 31]. 

The piezoresistance based flexible sensor mainly uses materials with excellent electrical 

conductivity as a filler to improve its electrical properties. Metal nanomaterials [32, 33] and 

carbon-based materials [5, 34, 35] are two types of the filler extensively studied. Amjadi et 

al. [36] prepared a flexible strain sensor with high sensitivity and good tensile properties by 

embedding silver nanowires film between two layers of polydimethylsiloxane (PDMS) in 

the form of sandwich structure. Its gauge factor reached up to 14, while the maximum 

tensile limit was up to 70%. Gong et al.[20] fabricated a wearable pressure sensor with 

ultra-thin gold nanowires and PDMS sheet, which detected low pressing forces with fast 

response, high sensitivity (more than 1.14 kPa -1), and stability (more than 50,000 cycles). 

However, the precious metals lead to high fabrication cost. Additionally, the low 

compatibility with organic flexible substrates limited their applications. The discovery of 
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numerous conductive carbon-based materials such as carbon nanotube and graphene make 

it possible to solve this problem due to their advantages of light weight and good 

compatibility with organic materials. Yamada et al.[22] incorporated single-walled carbon 

nanotubes (SWCNTs) into a PDMS substrate by lamination. The prepared flexible strain 

sensor can achieve a large strain monitoring range (0-280%), which is 50 times higher than 

the traditional metal strain sensor. Wang et al.[37] prepared a flexible pressure sensor based 

on PDMS and SWCNTs, achieving superior sensitivity (1.80 kPa -1), low detectable 

pressure limit (0.6 Pa), and fast response time (10 ms) for detection of feather-light 

pressures. However, SWCNTs have disadvantages of high cost and difficulties in industrial 

mass production. Multi-walled carbon nanotube (MWCNTs) is relatively cheaper with 

similar properties while the highly entangled structure makes them difficult for fabrication 

of composite thin-films. Zhao et al. [38] fabricated a high-performance pressure sensor 

via constructing a unique conductive/insulating/conductive sandwich-like porous structure 

with ultra-sensitivity. Interpenetration of the conductive reduce graphene oxide network 

throughout the porous insulating interlayer produces a highly efficient transition from the 

non-conductive to the conductive state, the pressure sensor has a sensitivity of 0.67kPa -1 

(＜1.5kPa), fast response/recovery time (∼10ms and ∼16 ms) and outstanding mechanical 

stability. 

More attention has been turned to graphene due to its excellent electrical conductivity 

(6000 S/cm) and exceptional mechanical properties (Young’s modulus 1 TPa, tensile 

strength 130 GPa, stretch-ability 0~25%) [39-41]. However, independent of the chemical 

modification of graphene sheets, they have less electrical conductivity and less strength due 

to their relatively high defect concentration [42, 43]. These properties may cause negative 

effect on the performance of strain sensors [44].Graphene platelets (GnPs) [45-48] have 

been reported for fabrication of flexible sensors recently which have advantages, including 

large surface area for electron transfer, high electrical conductivity and cost effectiveness 

[27, 49]. Therefore, high electrically conductive and structurally integrate GnPs instead of 

commonly used graphene oxide (GO) and RGO were selected for fabricating highly 

sensitive flexible sensor [50], which has great potential to detect strain and pressure. Each 

GnPs is 3 nm in thickness containing 1-4 layers of graphene sheets, offering sufficient 

interface to build conductive network, high C/O ratio (13.2) and high structural integrity 

resulting in high electrical conductivity of 1460 S/cm. In addition, the production cost for 

the sensor is low ($20/kg) [30, 35, 49]. 
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In this work, a composite material combining excellent mechanical properties of silicone 

rubber and great electrical properties of GnPs was fabricated by mixing the GnPs with silicone 

rubber. The preparation technique is simple, low-cost, scalable and robust. This composite 

material was used for the flexible sensor to detect temperature, strain and pressure with 

high sensitivity. To demonstrate the feasibility of the sensor applications, a range of 

wearable devices were fabricated to monitor human motions, including pulse movement, 

foot pressure and throat movement (mainly based on pressure signals) as well as finger 

bending, knee strain and cheek movement (mainly based on strain signals). Their 

performance was characterized and the promising results demonstrated that this flexible 

sensor has great potential to be as wearable devices and artificial skin. 

2. Experimental section 

2.1 Materials 

The graphite intercalation compound (EG Asbury 1395) was kindly supplied by Asbury 

Carbons (NJ, USA). The silicone rubber (SYLGARD 184) was kindly supplied by Dow 

Corning (Zhangjiagang, China). 

2.2 Fabrications of GnP/silicone rubber composite film 

The GnPs were produced by a reported method [36, 37]. In brief, the graphite intercalation 

compound (Asbury 1395) was heated at 700°C for 1 min, and then sonicated for 2 h in 

acetone at 20°C. The prepared mixture was dried in the oven and the GnPs can be obtained.  

Fig. 1 shows the fabrication process of GnP/silicone rubber composite film. The GnPs were 

dissolved in toluene and sonicated for 1h. The mixture was then added into the silicone 

solution, and the hardener was added thereafter at the ratio of 1:10 to silicone with stirring 

for 30 min. The obtained uniformly dispersed GnPs in mixtures were poured into the mold 

made of glass sheets and cured in an oven at 120oC for 30 minutes. After curing process, 

the GnP/silicone rubber composite film was peeled from the mold. The composite film can 

be used as flexible sensor after wires are connected. 
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Fig. 1. the schematics of fabrication process of GnP/silicone rubber 


composite film.
 

2.3 Characterization of the performance of the sensor 

Scanning electron microscope (SEM) was conducted using a SEM (JEOL JSM-7800F) 

with an accelerating voltage of 5 kV to show the composite films’ cross section and surface. 

The high-magnification TEM images were taken from a JEOL microscope operated at 

120kV. 1 vol% and 5 vol% composite films was also prepared scraped onto the 2ⅹ6ⅹ 

0.5 cm aluminum sheet with a piece of wood to form a transparent film about 0.25 cm thick 

for optical microscopic examination. We used an Olympus GX51 optical microscope to 

observe the imaging of a film at 1000 times magnification. 

The electrical conductivity of the films was measured with a high resistance meter (Agilent 

4339B). Young's modulus (YM) and tensile strength (TS) were tested by tensile tests with a 

strain rate of 2 mm/min at room temperature of 20 oC. An Instron tensile machine was 

employed for the tensile testing in this project. Sensor property was based on the piezo

resistance theory and the electrical resistance (Changes) of the sensor was monitored using 

a FLUKE 2638A hydra series III data acquisition unit. 

The strain sensitivity of the sensor is represented by the gauge factor, that is, the ratio of the 

changes in relative electrical resistance to the applied tensile strain. The gauge factor (GF) 

of the flexible sensor is calculated using the following equation [51, 52]: 

(1) 

where is the initial resistance of the sensor, ΔR is the relative resistance change 
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under the deformation, is the initial length of the sensor, and ΔL is the relative 

elongation of the axial specimen. The gauge factor was collected by Instron tensile machine 

and FLUKE data acquisition unit to evaluate the relationship of the changes of electrical 

resistance and strain. The electrical resistance change was measured when dynamic strains 

were applied on the flexible sensor. 

Similarly, the pressure sensitivity (S) is calculated using the following equation [9, 53]: 

(2) 

Where Ro is the resistance of the sensor under standard atmospheric pressure 

(101.325kPa), ΔR is the relative resistance change under the loading pressure, P is the 

loading pressure on the sensor. FLUKE data acquisition unit was used to measure the 

resistance changes of the sensor under different static loading. 

The repeatability testing was carried out to investigate the stability and durability of the 

sensor. The pressure of 100 kPa was applied 1000 cycles to the flexible sensor at the strain 

of 10% by an Instron tensile machine at a frequency of 1 Hz. The response time was 

monitored to study the responsiveness by measuring the time difference between loading 

and corresponding resistance changes, which could be calculated using the following 

equation: 

(3)
 
Where ts is the response time of flexible sensor applied signal s (strain or pressure), Ti is the
 

time in which strain or pressure is applied, and To is the time in which the flexible sensor 


response to it.
 

The temperature response tests were carried out using the FLUKE data acquisition unit to
 

record the resistance of flexible sensor under different temperature conditions. The
 

program-controlled temperature furnace was used to control the temperature of the sensor
 

from 30 to 100 oC. The hysteresis cycle tests were conducted to investigate the hysteresis
 

performance of the flexible sensor. The phenomenon that the input/output characteristic
 

curves do not coincide during the periods of input value increases from low to high 


(positive stroke) and the input value returns from high to low (reverse stroke) is hysteresis
 

performance, which is used to values the error of the flexible for the stretch/release cycle.
 

The error could be calculated using the following equation:
 

(4) 
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Where E is the hysteresis error, ΔRs is the output signal of applied strain ε during stretch, 

and ΔRr is the output signal of the same applied strain ε during release. 

The prepared flexible sensor was stuck on the surface of the test subject’s skin to monitor 

the body health signals for the wearable applications. The FLUKE data acquisition unit was 

used to measure the resistance of the flexible sensor. The person with the sensor on is a 

healthy adult male with a body weight of about 80 kg. 

3. Results and discussion 

3.1 Characterization of GnP sheets 

The morphology of GnP sheets was observed by TEM (Fig. 2a and 2b). The GnPs were 

observed on a copper TEM grid, clearly illustrating the flake-like structure. In general, the 

GnPs contain overlapped structures (indicated by black arrows in Fig. 2a). The relatively 

transparent and featureless area (red rectangle in Fig. 2a) likely possesses ultra-thin crystal 

structure (see enlarged image Fig. 2b). We randomly selected a point (indicated by red dash 

circle) to examine the electron diffraction (ED) pattern. Its ED pattern shows a typical six

fold symmetry expected for highly crystalline structure (right bottom). In addition, its 

diffraction illustrates a stronger outer ED than inner, confirming that the region contains 

few layers of graphene sheets [31, 32]. The high crystalline structure of the GnPs is in 

agreement with the XPS analysis (Fig. 2c), which shows a C/O ratio of 12.5:1. 

In Fig. S1a (supporting information), the GnPs demonstrate obvious absorptions at 1340, 

1585 and 2690 cm -1 which correspond to D, G, and 2D bands, respectively. G band refers 

to sp2 resonance on an ordered graphitic lattice. D band is activated from the first-order 

scattering process of sp2 carbons by the presence of in-plane substitutional hetero-atoms, 

vacancies, grain boundaries or other defects, which might be sp3 hybridized carbon 

structure associating with the quantity of impurity or oxidation degree. Since all samples 

were tested in the form of powder, there is no point to discuss 2D band. The D- to G-band 

ratio of GnPs (ID/IG = 0.07) is much lower than those of reduced graphene oxide (~1 [54]) 

and GIC (0.57 [55]), revealing a far better structural integrity. This conclusion aligns with 

our TEM and XPS analysis. Fig. S1b (supporting information) contains FT-IR spectra of 

the GnPs. Our GnPs with high integrity contains sufficient functional groups for either 

chemical modification or promoting their dispersion in solvents. 
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Fig. 2. The characterization of GnP sheets: (a) and (b) the TEM micrographs of a GnP sheet; 

and (c) the XPS of GnPs; andd) the electron diffraction (ED). 

3.2 Morphology of GnP composite film 

To investigate the microstructure of the GnP composite film, the SEM images of the GnP 

composite films with 1 vol% and 5 vol% of GnPs were compared in Fig. 3. The overall 

cross-sectional morphology of the GnP composite films demonstrates that the GnP sheets 

are well dispersed in silicone rubber, and different content of the GnP makes the dispersion 

density of the GnPs different (Fig. 3a and Fig. 3c). These structural changes may be 

responsible for the different electrical conductivity. Obviously, the higher the content of 

GnP in the composite film, the higher the number of conductive networks built, because the 

closely packed GnP sheets can form conductive paths. When the composite film is under 

strain or pressure, the extraneous force will make the composite extend or compress, 

resulting in the change of the conductive network inside of composite film. In addition, the 

cross-sectional optical microscopy images of 1 vol% and 5 vol% composite films were 

shown in Fig. 3e and Fig. 3f, respectively. The dispersion of GnPs in the silicone rubber 

9 



 

 

         

      

 

 

 

 

 

 

 

 

 

 

 

 

     

        

      

   

 

 

       

        

can be observed. The GnPs uniformly located within matrix and the dispersion density 

increased with GnPs content. This result is in agreement with the SEM results. 

a b 

c d 

e f 

Fig. 3. The SEM and optical microscopy images of the GnP composite films with different 

contents: a) and (b) the cross-section SEM images of 1 vol% GnP composite film; (c) and (d) the 

cross-section SEM images of 5 vol% GnP composite film; and (e) and (f) the cross-section 

optical microscopy of 1 vol% and 5 vol% composite films. 

3.3 Electrical conductivity 

The electrical conductivity of GnP composite films with different contents were compared 

in Fig. 4. The electrical conductivity of GnP composite films increased with the content of 
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GnPs and a sharp rise appears at 2.5 vol% from 10-13 S/cm to 10-5 S/cm. By fitting 

experimental data into the power law equation, a percolation threshold (the formation of 

pathways for electron transfer) of 3.5 vol% GnPs and R2 value of 97% was obtained, as 

shown in the inset of Fig. 4. The percolation threshold is lower than previous works which 

means the composite materials have high conductivity at lower GnP content. This proves 

the excellent electrical conductivity of GnPs [56]. 
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Fig. 4. The electrical conductivity of GnP composite films with different contents. 

3.4 Mechanical property and flexible performance 

The GnP composite film used as the flexible strain and pressure sensor needs to be strong 

enough to withstand large strains and pressures. To investigate the mechanical performance 

of the composite films, young’s modulus and tensile strength was tested by Instron tensile 

machine. The Young’s modulus of GnP composite films increases with GnP content, 

indicating the GnPs contribute to improve the Young’s modulus of GnP composite films 

(Fig. 5a). On the contrary, the tensile strength decreases with the GnP content, mainly due 

to the sharp decrease of breaking elongation, as shown in Fig.5b. This result demonstrates 

that the composite films with high GnP content are easier to be stretched and compressed. 

The breaking elongation of composite film has a sharp decrease with GnP content, and thus 

the stretch ability of composite film decreases with GnP content. The Fig. 5c and Fig. 5d 

demonstrate the sensor could be bended and twisted with good electrical conductivity, 

indicating the excellent flexibility of the flexible sensor. Additionally, the resistance of the 

flexible sensor increases with the increasing of bending and twisting angles, which 
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indicates that the flexible sensor has the potential for angle detecting.  
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Fig. 5. The mechanical property of the GnP composite film: (a) the young’s modulus 

and tensile strength of GnP composite films with different contents; (b) the breaking 

elongations of GnP composite films; (c) and (d) the flexibility testing of GnP 

composite film. 

3.4 Sensitivity of flexible sensor 

The flexible sensor was stretched by the tensile machine and its resistance change was 

measured by Fluke date acquisition unit to test its sensitivity to strain (Fig. 6a). Fig. 6b 

demonstrates the mechanism of the resistance change of flexible sensor when strain is 

applied. The tensile force increases with the distance between adjacent graphene sheets, 

while decreases with the electrical conducting path, resulting in dramatic resistance 

change. The tensile force also stretches the length of the graphene sheets, causing further 

resistance change. Once the strain is unloaded, the structure of the GnP composite film 

recovers rapidly due to its elasticity, and the resistance restores simultaneously. The ratio 

of electrical resistance change (ΔR) and the initial resistance (R0) of the sensor were 

measured to show the response to the strain (Fig. 6c). There was an obvious increase with 
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the strain by comparing the electrical resistance of all composite films with different 

contents of GnPs. Among the four sensors, the one with 2.5 vol% GnPs shows the highest 

resistance change at the same strain range, and the widest strain measure range (0%-40%). 

The GF of the composite films was calculated and compared in Fig. 6d. The GF of small 

strain (0%-5%) is much higher than big strain, the 2.5 vol% GnP composite film shows 

highest GF which is up to 170 at 0-5% and 100 at 5%-40%, indicating the flexible sensor 

has better sensitivity to small strains. Although the trends of GF changes are consistent, the 

GF decreases with the GnP content in the composite films. In summary, the flexible sensor 

with 3.75 vol% GnP in composite film can achieve ideal electrical conductivity, 

mechanical performance and high strain sensitivity (high GF). Therefore, 3.75 vol% GnP in 

composite film was selected for the following experiments. 
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Fig. 6. The strain sensitivity testing of the flexible sensor: (a) the schematic of strain 

sensitivity testing, (b) the mechanism of the flexible sensor applied strain, (c) the curve of 

resistance changes and strain, and (d) the curves of gauge factor and strain. 

The electrical resistance change was measured when different pressures were applied on 

the flexible sensor (Fig. 7a). The distance between adjacent graphene sheets within the 

GnP composite film decreases under pressure, which results in the increase of conductive 

path, leading to a resistance change of flexible sensor. Fig. 7b shows the resistance change 
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of the flexible sensor under different pressures. According to the result, the resistance 

decreases with pressure ranging up to 10 kPa. The decrease is particularly sharp with a high 

sensitivity of 2.7×10-2 kPa-1. The sensitivity reaches 1.5×10-4 kPa -1 when the pressure 

ranging from 300 to 1000 kPa, demonstrating the flexible sensor has better sensitivity to 

pressure under smaller pressure values. 
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Fig. 7. The pressure sensitivity testing of the flexible sensor: (a) the schematic of pressure sensitivity and 

mechanism of flexible sensor applied pressure, and (b) the resistance changes of flexible sensor under 

different pressure and pressure sensitivity. 

3.5 Repeatability and response time 

We then conducted cyclic tensile and compress tests to study the stability and repeatability 

of the flexible sensor (Fig. 8a). The flexible sensor exhibits good stability after 1000 cycles 

at the strain of 10%, and the resistance change curves of first 10 times cycles and last 10 

times cycles are in good repeatability. In Fig. 8b, the flexible sensor was compressed with 

pressure of 100 kPa in 1000 times cycles. The result demonstrates the flexible sensor has 

very good repeatability under pressure and the resistance change curve is very stable. The 

response time of the flexible sensor to strain and pressure is measured by the time interval 

between the time in which strain or pressure is applied and the time of in which the flexible 

sensor response to it [57]. The response time of the flexible sensor to strain of 10% is 50 

ms, and the response time to pressure of 1 kPa is 89 ms, showing the flexible sensor 

responds to cyclic loading almost instantaneously, which proves it has quick response 

ability. In summary, this sensor has achieved high sensitivity with good stability and quick 

response ability. 
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Fig. 8. Repeatability and response time testing: (a) The result of cyclic tensile testing of the sensor at 

10%; (b) the result of cyclic compression testing under 100kPa; (c) the response time testing of 10% strain; 

and (d) the response time of 1kPa pressure. 

3.6 Temperature response and hysteresis cycle 

Electrical conductivity of most polymer composite materials may change with temperature, 

which is called temperature drift. The temperature response to flexible sensor was 

conducted over a temperature range of 20–100 oC (Fig. 9a). The resistance does not change 

significantly under 75 oC, while it increases sharply above 75 oC. According to the result, 

the strain sensor’s appropriate operating temperature is 30-75 oC, temperature drift of the 

flexible sensor in this range is too tiny to consider. In addition, the resistance shows 

obvious response to temperature over 75 oC, this indicates that this flexile sensor has 

potential to be as a temperature sensor [58]. 

The cycle-strain hysteresis of the flexible sensor was measured to investigate the hysteresis 

performance (Fig. 9b). No obvious changes have been observed after applying 30% of 

strain loading compared with 30% of strain unloading, the hysteresis error is much less 
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than the resistance change during the stretch/release cycle Thus, the flexible sensor has 

good hysteresis performance according to the result. 
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Fig. 9. (a) Temperature response of the flexible sensor, and (b) strain detecting hysteresis cycle of 

the flexible sensor. 

3.7 Wearable application 

The excellent flexibility, reliability, durability and sensitivity for both strain and pressure of 

our flexible sensors allowed their use as a wearable device for real-time monitoring human 

motions. Most human motions include both of pressure and strain signals together, while 

one of them may play the dominant role in one motion. In this work, pulse movement, foot 

pressure and throat movement mainly use pressure signals (blue rectangle), while finger 

bending, knee strain and cheek movement mainly use strain signal (red rectangle). 

Fig. 10a is the result of the monitoring for cheek movement. The flexible sensor was 

attached on the face of a test subject to detect the strain of the skin when the test subject’s 

mouth blew. The flexible sensor was stretched along with the cheek movement and 

recovered afterwards, resulting in the resistance change. 

We then applied the flexible sensor to the throat to test the pressure changes at the throat 

during swallowing (Fig. 10b). In a swallowing operation, the movement of the larynx 

causes pressure change on the surface of the throat. The waveform of the resistance change 

caused by two swallowing actions is basically the same, the resistance decreases rapidly 

after the start of the swallowing action and returns to the original resistance after 

undergoing a twist, indicating that the flexible sensor can monitor the subtle human motion 

signal. This is important for the monitoring of subtle motion signals in wearable device 

applications. 

The flexible sensor was attached tightly on a finger in a straight state to test the finger 

bending motion (Fig. 10c). The resistance of the sensor nearly remains constant with slight 
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fluctuation when the finger keeps straight. When the finger starts bending, the electrical 

resistance of the flexible sensor increases sharply, and the peak of the resistance change 

corresponds to the degree of finger bending motion. This result indicates the flexible sensor 

has the ability to detect the large-scale strain motion accurately. 

The result of pulse movement monitoring is shown in Fig. 10d. The flexible sensor was 

attached on the wrist, the pulse movement of an adult male in the normal condition is 

around 12-13 beats per 10 seconds [59-61]. During the measurement, the flexible sensor 

was compressed and recovered when blood vessels dilate or constrict, resulting in the 

resistance change. According to the result, the flexible sensor monitors pulse movement 

accurately with details. The waveform is highly similar to the standard pulse movement 

waveform. 

The pressure of the sole when walking is also monitored (Fig. 10e). Our results showed that 

the pressure of the sole is about 40 kPa when the test subject is standing and the resistance 

changes of the pressure sensor at the peak reflect the pressure of the standing state. When 

the foot is lifted, the pressure is instantly reduced back to the normal value. When walking 

at the speed of about 5 seconds per step, the peak value of the resistance changes according 

to the walking patterns, indicating that the sensor has an accurate and rapid response on 

monitoring the human motions. The foot pressure is the most effective means to monitor 

walking and running. 

Finally, the sensor is attached to the knee meniscus to test the change of knee pressure 

during exercise. When the leg is in the straight state, the sensor resistance is basically stable. 

When the knee is bent, the meniscus at the knee is subjected to the pressure, which the 

sensor on the skin surface can detect, through rapidly changed resistance of the sensor. 

When the leg returns to the straight state, the sensor resistance recovers to its initial state. 

Since the knees are the key joints in human bodies, monitoring pressures in knee 

movements is essential in health check and exercise monitoring to avoid inappropriate use 

of the knees in normal life and exercises, which exerts unnecessary pressure on the knees. 
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Fig. 10. Real-time monitoring of human motions using strain and pressure signals 

According to the results, the flexible sensor developed in this work shows ideal 

performance in these testing, we made a comparison between the flexible sensor in this 

work and related works in order to show the advantages of this sensor. As shown in table 1, 

the flexible sensors were compared in terms of fabrication, sensitivity, range, response time 

and wearable ability. In contrast with the previously demonstrated flexible sensor, our 

flexible sensor exhibits various advantages, including: (1) facile and cost-effective 

approach to fabricate the sensor using solution processing method; (2) combining high 

sensitivity to strain and pressure, while other flexible sensors are only sensitive to one of 

strain and pressure or only the sensitivity to one signal is high and another is low; and (3) 

great potential in wearable device to detect different types of human motions and high 
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accuracy monitoring for several typical human motions.
 

Table 1. the comparison between the flexible sensors fabricated by different materials
 

Materials Fabrication Sensitivity/ range 
Response 

time 

Wearable 

ability 
Ref. 

GnPs/PET Spray coating GF 150(0-2%) N/A × [62] 

GnPs-PDMS foam Direct template 0.23kPa−1(0-70kPa) N/A × [24] 

AgNW-PDMS Micromolding GF 2-14(0-70%) N/A √ [36] 

PDMS/SWNTs Lamination 1.8 kPa -1(0-1.2kPa) 10 ms √ [63] 

0.09 kPa -1 

GPN/PDMS Coating (0-3000 kPa) 100ms √ [9] 

GF 8.5(0-40%) 

GnPs/Silicone 

rubber 

Solution 

processing 

0.027 kPa -1 

(0-1000 kPa) 

GF 100 (0-30%) 

50-90ms √ 
This 

work 

PET (Polyethylene terephthalate), AgNW (silver nanowire), SWNTs (signal wall nanotube), 

GPN (graphene porous network) 

Conclusion 

In conclusion， we reported that graphene/silicone rubber composites using the high 

structurally integrate and electrically conductive GnPs have achieved a good combination 

of mechanical and electrical properties. A flexible sensor made of composite film to detect 

strain and pressure was fabricated by a facial approach. The flexible sensor shows good 

sensitivity to both strain (100 at 0-5% strain and 50 at 5%-30% strain) and pressure 

(2.7×10 -2 kPa -1 between 0-10 kPa and 1.5×10-4 kPa -1 between 300-1000 kPa). In addition, 

the flexible sensor has achieved good stability after more than 1000 cycles of strain and 

pressure, and quick response ability of 50 -80 ms. The flexible sensor was used to monitor 

real-time human’s slight physiological signals and large-scale motions such as pulse 

movement and finger bending. The flexible sensor provides a promising platform for a 

wide range of applications with the advantages, including (i) simple fabrication and low 

cost, (ii) high structurally integrate and electrically conductive GnPs, (iii) sensitivity to 

strain and pressure, and (iv) accurately monitoring for multiple human motions. 
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