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Abstract 

In recent years, the use of nano-fillers in flexible polymer matrix to prepare highly flexible, 

stretchable, and multifunctional product has been widely studied. However, the uneven dispersion of 

nano-fillers in polymer matrix is an important factor hindering their performance. In this study, a 

method to prepare graphene nanosheets by ball milling and modification with the silane coupling 

agent APTES is reported, and this method can reduce the thickness of the nanosheets, improving the 

dispersion effect and compatibility of the nanosheets in the PDMS matrix. The mechanical and 

conductive properties of the prepared composite films were further analyzed. The morphology 

showed that our modified graphene (MGE and BMGE) are more evenly dispersed in the PDMS 

matrix compared to the unmodified graphene (GNP). The MGE/PDMS composite film has 

significantly improved electrical conductivity. It has a wide sensing range (up to 48%), high 

sensitivity (GF of 152 in the 20-40% strain range) and reliable cycle repeatability (>10,000 cycles) 

with a response time of 0.12 s. The results show that the modified graphene/PDMS conductive elastic 

nanocomposite film is an ideal material for making flexible electronic products. 
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1. Introduction 

Highly flexible and stretchable composite films can be an important component of flexible strain 

sensors. Flexible strain sensors are able to respond to external mechanical deformation and converting 

it into electrical signals1-3 while offering many advantages such as high flexibility, light weight, 

longevity and good compatibility.4-7 It has various applications such as human motion monitoring, 

structural monitoring, biomedicine, human-machine interaction and intelligent robotics.8-10 The 

sensing performance indicators commonly used to evaluate flexible strain sensors including 

sensitivity, linearity, sensing range, response time and repeatability, of which the most important 

indicator is sensitivity.11,12 

Nowadays, the research on flexible strain sensors is developing very rapidly. Chen at el.13 prepared 

PDMS/multi-walled carbon nanotubes (CNT)/aligned nickel particles (Ni) composites under low 

magnetic field conditions. The PDMS/CNT/Ni composite has significant conductive, mechanical and 

piezoresistive anisotropy due to the arrangement of nickel particles. Anisotropic strain sensors with 

different resistance trends in different directions were realized. Cai at el.14 prepared multifunctional 

PDMS/thermo-expandable microspheres (EM)/CNT foam elastic composites by introducing EM into 

PDMS/CNT. The foam elastic composite has good mechanical properties, high voltage resistance 

sensitivity, temperature sensitivity and electromagnetic interference shielding properties. In addition, 

the self-reinforced PDMS/EM/CNT elastomer has a unique softening behavior. Blending conductive 

nanomaterials with flexible substrate materials is a common method for preparing flexible composite 

films.15,16 However, the performance of composite films prepared using such method are often 
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undesirable due to the dispersion effect of the conductive nanomaterials in the flexible substrate 

material.17 Therefore, improving the dispersion of conductive nanomaterials in flexible substrate 

materials is one of the most critical problems need to be addressed during the preparation process. 

Yang at el.18 constructed cation-π interactions at the graphite interface to improve the delamination 

and dispersion of graphite in starch, and prepared graphite/starch composite coatings with 

significantly enhanced electrical conductivity and electromagnetic shielding effects. Wu at el.19 

prepared GNPs reinforced Cu/Ti3SiC2/C nanocomposites by high-pressure torsion (HPT) after 

powder metallurgy, and the dispersion of GNPs in the matrix was significantly improved with good 

bonding after HPT. The mechanical and electrical properties of the nanocomposites are improved. 

Graphene is one of the most ideal nano-fillers for the preparation of composite films, which is due to 

its large surface area, excellent conductivity and stability.20,21 In order to solve the problem of 

graphene dispersion in polymer matrix, researchers have developed a variety of methods to modify 

graphene which two of the main methods are graphene covalent and non-covalent bond 

functionalization modifications.22,23 Covalent bond functionalization modification opens the 

graphene conjugate structure by grafting modification using reactive oxygen-containing functional 

groups on the surface of graphene.24,25 The main non-covalent bonding functionalized modified 

graphene structures are π-π bonding interactions, hydrogen bonding and ionic bonding.26,27 During 

the ball milling process, large number of oxygen-containing functional groups such as hydroxyl and 

carboxyl groups are grafted on the surface of graphene, which lays the chemical foundation for the 

modification of graphene.28,29 The properties of graphene-based composites can be enhanced by 

modifying graphene to access active groups on the graphene surface, increasing the graphene sheet 

spacing and improving the interfacial interaction between graphene and the polymer matrix which 
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enables graphene to be uniformly dispersed in the polymer matrix.30-32 

Silane coupling agent 3-aminopropyltriethoxysilane (APTES) is an amino-end-groups containing 

organosilicon compound that can be used to modify graphene and improve the compatibility of 

graphene with polymeric substrates. The alkoxy group on APTES can react with the hydroxyl group 

on the graphene, and then the silane molecular functional group generates a chemical bond between 

graphene and the polymer matrix.33-35 Wang at el.36 modified graphene using APTES, and they found 

that functionalization of graphene with silane reagents enhanced the interfacial interaction between 

graphene and epoxy matrix, improving the dispersion of graphene in the epoxy matrix. The tensile 

strength, breaking elongation and thermal stability of the composites were improved significantly. S. 

Woraphutthaporn at el.37 modified graphene oxide using APTES and 3-(2-aminoethyl amino)propyl 

trimethoxysilane. The use of silane-MGO enhanced the curing time, crosslink density, and filler-

rubber interaction while also improving filler dispersion, and mechanical and electrical properties of 

the natural rubber nanocomposites. M. Lotfi at el.38 synthesized graphene oxide nanosheets and then 

surface-treated graphene oxide with APTES and hyperbranched polyester amide (HBP), aiming to 

improve epoxy resin mechanical properties especially toughness. They found that modified 

nanoparticles can significantly improve hardness and toughness of epoxy, the highest enhancement 

(2.6 times in toughness and 2.28 times in micro-hardness) was achieved with 1 wt% graphene oxide 

sequentially treated with APTES and HBP. Their structural studies revealed that such promotion was 

attributed to the simultaneous enhancement in both physical (filler dispersion) and chemical 

(crosslink density) aspects of the resulting network. However, there is little literature on the effects 

of silane coupling agents on the electrical and mechanical properties of graphene/PDMS composites. 

Three kinds of graphene fillers were prepared using different raw materials and processing methods. 
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The morphology and thickness of these three kinds of graphene fillers and their dispersion in the 

PDMS matrix were compared. The thermally expanded graphite intercalation compounds and ethanol 

were ball milled, which not only reduced the thickness of the graphene sheet but also grafted hydroxyl 

groups on the graphene surface. The dispersion of graphene in the PDMS matrix was improved by 

ball milling and APTES modification. Combining with mechanical co-blending method, three kinds 

of graphene/PDMS composite films were fabricated for further examination. The morphology, 

mechanical properties and sensing properties of the three graphene/PDMS composite films were 

examined. The improved dispersion of graphene in PDMS enhanced the mechanical and sensing 

properties of the composite films. 

2. Experimental sections 

2.1. Materials 

Graphite intercalation compounds (GICs) and graphite powders were ordered from Qingdao Huatai 

Technology Co., Ltd, Shandong, China. Polydimethylsiloxane (PDMS) was supplied by Dow 

Corning, Jiangsu, China. Silane coupling agent 3-aminopropyltriethoxysilane (APTES) was provided 

by Nanjing Xuanhao New Material Technology Co., Ltd (China). n-Hexane was purchased from 

Tianjin Aopusheng Chemical Co., Ltd (China). 

2.2. Fabrication of graphene conductive fillers 

The fabrication method of graphene nanoplatelets (GNPs) is based on the reported studies.39 Firstly, 

the GICs were heated using a muffle furnace, 2g GICs were placed in a crucible, and then heated in 

the muffle furnace at 710 ℃ for 1 minute to obtain the expanded GICs, 4 g of the expanded GICs 

were taken and mixed with acetone solution, and sonicated in an ultrasonic machine for 15 hours. 

Finally, the mixture was put into an electric thermostatic drying oven at 50 ℃ to obtain GNPs. 
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1 g of expanded GICs, 50 ml of ethanol and zirconia balls were put into a ball mill jar and ball milled 

for 15 h at 500 r/min, removed and filtered by extraction and dried at 60 °C to obtain ball-milled 

graphene (BGE-15 h). Then 20 g of APTES, 120 ml of deionized water and 60 ml of ethanol were 

added in a beaker to sonicate for 30 min to make the APTES pre-hydrolyzed. 2 g of BGE-15 h was 

further added and sonicated for 10 min to disperse it in the mixed solution. Finally, the mixture was 

water-bathing at 70 °C for 8 h, removed and washed with ethanol, dried by using an electric 

thermostatic drying oven at 50 °C to obtain the modified graphene (MGE). 

Graphite powder is the main material for the preparation of ball-milled modified graphene (BMGE). 

Firstly, 1 g of graphite powder, 50 ml of ethanol and zirconium oxide balls were put into a ball mill 

jar and ball milled for 9 hours at 500 r/min, removed and filtered by extraction and dried at 60 °C to 

obtain ball-milled graphene (BGE-9 h). Then 1 g of APTES, 10 ml of deionized water and 5 ml of 

ethanol were added to the beaker, sonicated for 30 min and further poured into the ball mill jar. Finally, 

1 g of BGE-9 h, 35 ml of deionized water and zirconium oxide balls were added, ball milled for 3 h 

at 500 r/min, removed and washed with ethanol, dried at 50 °C to obtain BMGE. 

2.3. Fabrication of composite films 

The fabrication process of GNP/PDMS, MGE/PDMS and BMGE/PDMS composite films is shown 

in Figure 1. Firstly, 20 g of PDMS and the corresponding volume fraction of filler were added to a 

beaker and diluted with a small amount of n-hexane. Then the mixture was stirred for 5 min and then 

sonicated for 1 h, followed by grinding for 5 min. After grinding, 2 g of PDMS curing agent was 

added and stirred. Finally, the mixture was poured onto a polytetrafluoroethylene sheet and coated to 

1 mm thickness, and further dried at 60 °C. 
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Figure 1: The fabrication process of GNP/PDMS, MGE/PDMS and BMGE/PDMS composite films. 

2.4. Characterization 

XRD analysis of samples using an X-ray diffractometer (XRD, D8 Advance, Bruker, Germany). The 

measurement range is 5° - 90° and the scanning speed is 2 °/min. Raman tests were performed on 

samples using a Raman spectrometer (Raman, InVia, Renishaw, United Kingdom) and 633 nm laser 

excitation in the spectral range 100 cm-1 - 4000 cm-1. The samples were ground with potassium 

bromide, pressed, and scanned using a Fourier transform infrared spectrometer (FTIR, Nicolet iS10, 

Thermo Scientific, America), with a resolution of 4 cm-1, and the scanning spectral ranging from 4000 

cm-1 to 500 cm-1. The samples were placed in the crucible for TGA analysis using a thermogravimetric 

analyzer (TGA, STA 449 F5 Jupiter, NETZSCH, Germany). 

The thickness of graphene sheets was measured by atomic force microscopy (AFM, Dimension ICON, 

Bruker, Germany), and the morphology of graphene nanosheets was observed. The graphene was 

suspended in 0.0005 wt% acetone, sonicated below 30 ℃ for 30 min, and then the solution was 

dropped onto mica plates to dry. The composite films were treated with gold spray, and the cross-

sectional morphologies of the films were observed using a field emission scanning electron 

microscope (SEM, Sigma 300, Zeiss, Germany) at an accelerating voltage of 15 kV. 

Film conductivity was measured using an insulation resistance meter (6517B, Keithley, America), 

with a measuring range of 1 Ω -1018 Ω. The electrical conductivity of graphene fillers and films with 
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less resistance were measured using a film thermoelectric parameter testing system (MRS-3RT, 

Wuhan Jiayitong Technology Co., Ltd., China). 

The tensile testing machine (GX-SF001, Gongxiangyiqi, Shenzhen, China) and tensile sensor (BSA-

50MT2, Transcell, America) were used to test the mechanical properties of the film, with the tensile 

speed of 2 mm/min. The Young's modulus and elongation at break were calculated according to the 

measured stress and strain data. 

FLUKE data collector (2638A, Junhaizhongyi Technology, Shenzhen, China) was applied to record 

the resistance of the film during stretching, with the tensile machine to record the strain. The 

OriginLab software was applied in this study to linearly fit the strain-resistance change rate curves, 

and the slope of the fitted line is the Gauge Factor (GF) of the film. 

3. Results and discussion 

3.1. Characterization of Graphene nanoplatelets, Modified graphene and Ball-milled modified 

graphene 

Figure 2(a) shows the XRD spectra of graphene before and after treatment, and all samples showed 

a diffraction peak at 2θ = 26.5°, which is the characteristic peak of the graphite (002) crystal plane.18,40 

Compared with the expanded GIC, the diffraction peak intensity of GNP slightly decreased, and the 

diffraction peak intensity of BGE-15 h and MGE decreased significantly after ball milling, indicating 

that the lamellae of graphene were opened, the sheet spacing increased, and the crystal integrity 

decreased. The diffraction peaks of BGE-9 h and BMGE are more intense, which is due to the fact 

that they are direct ball milling of graphene powder and short ball milling time, and less graphene 

lamellae are opened. Figure 2(b) shows the Raman spectra of the graphene samples with one peak 

each at around 1340 cm-1, 1580 cm-1 and 2710 cm-1 for all samples, corresponding to the D, G and 
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2D peaks, respectively. The D peak corresponds to the defective and disordered structure of graphene, 

and the higher intensity of the D peak indicates that the more carbon atoms are hybridized by SP3 and 

the more defects, ID/IG is usually used to indicate the degree of defects in graphene. The D peak 

intensity of GNP is very small, and the ID/IG is 0.09, indicating a high content of SP2 ordered carbon 

atoms on GNP, which has a good degree of order. The intensity of the D peaks of BGE-15 h and MGE 

is significantly enhanced, and their defects and disordered carbon content increase after expansion 

and mechanical energy input in ball milling. The structurally intact graphite powder was ball milled 

to obtain BGE-9h and BMGE. With the increase of ball milling time, the D peak intensity of BMGE 

was higher than that of BGE-9 h, and the ball milling process increased the defects of graphene.41 

Figure 2(c) is the FT-IR spectra of BGE-15 h and MGE. As shown in the infrared spectrum of BGE-

b, a broad peak caused by -OH stretching vibration can be observed near 3441 cm-1. C=O stretching 

vibration peaks and C=C bending vibration peaks appear at 1769 cm-1 and 1678 cm-1, respectively. 

The absorption peaks appearing at 1392 cm-1 and 1077 cm-1 can be attributed to the stretching 

vibration of C-O-C and the bending vibration of C-OH,42,43 indicating that BGE-15h is rich in oxygen-

containing hydrophilic groups and adsorbed water. APTES can be hydrolyzed into silanol and 

condensed with active hydroxyl groups on the surface of graphene, reducing the force between 

graphene sheets and improving its performance. Compared with BGE-15 h, the infrared spectrum of 

MGE changes significantly. Firstly, the stretching vibration peak corresponding to -CH3 on APTES 

appeared at 2916 cm-1. Due to the reaction of silanol generated by APTES hydrolysis with hydroxyl 

groups, the C-OH bending vibration peak disappeared, and the Si-O-C stretching vibration peak 

appeared at 1119 cm-1, Si-O-Si stretching vibration peak appeared at 1041 cm-1, which was formed 

by the hydrolysis and condensation of the silicon base.44,45 At the same time, a new absorption peak 
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appeared at 915 cm-1, corresponding to Si-O. The absorption peaks of -OH and C=C remained in the 

MGE spectrum, and the hydroxyl peak became weaker, and its position had shifted to 3439 cm-1. 

These changes in the infrared spectrum can indicate that APTES had been grafted onto BGE-15 h. 

Figure 2(d) is the FT-IR spectra of BGE-9 h and BMGE. After modification with APTES, it can be 

seen that the -OH stretching vibration peak at 3449 cm-1 is obviously weaker, and C=C is preserved. 

The stretching vibration peak of -CH3 appeared at 2884 cm-1, the bending vibration peak of C-OH 

disappeared, and the Si-O-C stretching vibration peak appeared at 1126 cm-1. New absorption peaks 

appeared at 1053 cm-1 and 909 cm-1, corresponding to Si-O-Si and Si-O. 

Figure 2(e) and Figure 2(f) show the TGA curves of BGE-15 h, MGE, BGE-9 h and BMGE. After 

APTES modification, the thermal properties of graphene were significantly improved. When the 

temperature is lower than 100 °C, they all have a certain loss of adsorbed water mass, while BGE-15 

h and BGE-9 h have more adsorbed water. When around 140 °C, there is a small mass loss of MGE 

and BMGE, which is the decomposition of APTES grafted on the surface of MGE and BMGE. The 

mass of BGE-15 h and BGE-9 h decreased sharply around 200 °C, which is due to the decomposition 

of the oxygen-containing functional groups on their surfaces. At higher temperatures, the chemical 

bonds of MGE and BMGE were broken and the carbon skeleton structures on the graphene sheets 

kept burning. 
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Figure 2: (a) XRD and (b) Raman analysis of expended GIC, GNP, BGE-15 h, MGE, BGE-9 h and BMGE. 

(c) FT-IR spectra of BGE-15 h and MGE. (d) FT-IR spectra of BGE-9 h and BMGE. (e) TGA curves of BGE-

15 h and MGE. (f) TGA curves of BGE-9 h and BMGE. 

Figure 3(a) shows that GNP has a large specific surface area with a sheet layer size of about 600 nm, 

and the sheet edges have no distinctive features. As shown in Figure 3(d), the average thickness of 

GNP is 3.86 ± 0.12 nm. The thickness of the nanofiller plays an important role in the electrical 
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conductivity of the composites, and a lower thickness means that more graphene sheets are dispersed 

in the composites, forming more conductive paths. Figure 3(b) and Figure 3(e) show that the size of 

MGE is smaller than that of GNP, and the surface morphology does not change significantly. The 

average thickness of MGE was 1.71 ± 0.17 nm. During the process of ball milling, the mechanical 

energy input causes the weakly bonded graphene lamellae phase to peel off and the lamellae become 

thinner. Since ethanol and air contain oxygen-containing functional groups such as hydroxyl groups, 

the oxygen-containing functional groups will inevitably be attached to graphene after ball milling. As 

shown in Figure 3(c) and Figure 3(f), the size of BMGE is larger, with an average thickness of 4.91 

± 0.11 nm. This indicates that the graphite powder has been exfoliated and the lamellae have been 

reduced during the process of ball milling to obtain graphene nanomaterials. During ball milling 

process, the graphene edge defects were increased in the presence of shear and friction forces, and 

oxygen-containing functional groups were introduced in the presence of ethanol and air. 

   

   

Figure 3: AFM diagram: (a) GNP, (b) MGE, and (c) BMGE. Average thickness measurement: (d) GNP, (e) 
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MGE, and (f) BMGE. 

3.2. Mechanical property 

The flexibility, tensile and compressive properties of the composite films are advantages in practical 

applications.46 In Figure 4(a), the elongation at break of GNP/PDMS and MGE/PDMS composite 

films decreased with the increase of filler. Due to the addition of filler, the elasticity of composite 

films decreases, making them easier to break under tension. For example, at a filler volume fraction 

of 3.8%, the elongation at break of GNP/PDMS composite film and MGE/PDMS composite film are 

45.7% and 50.3%, respectively, which are 28.5% and 23.9% lower than that of film without filler. 

This difference is mainly due to (i) the fact that GNP is poorly dispersed in PDMS and is prone to 

agglomeration, resulting in the composite film being highly susceptible to premature fracture at the 

agglomeration during loading, which affects the performance. MGE can be more uniformly dispersed 

in the matrix and the composite film is less likely to break during loading; (ii) APTES modification 

enhanced the binding between MGE and PDMS.29,47 And the elongation at break of BMGE/PDMS 

composite film increases and then decreases, which is much higher than that of GNP/PDMS 

composite film and MGE/PDMS composite film. At 1.9 vol%, the elongation at break of 

BMGE/PDMS composite film is 93.8%. This may be because BMGE is prepared from graphite 

powder, which retains some properties of graphite powder, such as high surface activity, lubricity and 

adsorption. After APTES modification, the interfacial bond with PDMS is stronger and tighter. 

As shown in Figure 4(b), the Young's modulus of the three composite films increases with the fillers. 

The Young's modulus of MGE/PDMS composite film is slightly lower than that of GNP/PDMS 

composite film, and the Young's modulus of BMGE/PDMS composite film is higher than that of 

MGE/PDMS and GNP/PDMS composite films. In Figure 4(c), with the increase of filler, the tensile 
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strengths of the three composite films first increased and then decreased. After adding a small amount 

of fillers, the rigidity of the composite film increased and was not easily deformed, which increased 

the tensile strength of the composite film. When there are more fillers, the agglomeration of 

nanoparticles or the accumulation of nanosheets tends to reduce the tensile strength, and the 

composite film is more likely to break during the stretching process. The tensile strength of the 

BMGE/PDMS composite film is the highest. 

   

Figure 4: (a) Elongation at break, (b) Young's modulus and (c) tensile strength of GNP/PDMS, MGE/PDMS 

and BMGE/PDMS composite films. 

3.3. Electrical conductivity 

According to the theory of particle-filled composite conductive percolation threshold,48,49 when the 

volume fraction of conductive particles is small, the conductive particles are discrete from each other, 

the conductivity of the composite material is very low. When the volume fraction of conductive 

particles increases to a certain threshold value, the conductivity of the composite material suddenly 

increases, and the change can reach more than 10 orders of magnitude. Then with the increase of 

volume fraction of conductive particles, the conductivity of the composite material decreases slowly, 

and the corresponding threshold of the volume fraction of conductive particles is called percolation 

threshold, The equation for the percolation threshold is: 

 σc=σf�φ-φt�
t
 (1) 
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Where σc is the conductivity of the composites, σf is the conductivity of the filled particles, φ is 

the volume fraction of filled particles, φt is the permeability threshold of composites, and t is the 

critical exponent.16,50 The addition of fillers greatly improves the electrical conductivity of the 

composites, so we need to find the percolation thresholds of the three composite films. The 

conductivities of GNP, MGE and BMG were measured to be 1881.88 S/cm, 1317.86 S/cm, and 780.71 

S/cm, respectively. 

Figure 5 shows the electrical conductivities of GNP/PDMS, MGE/PDMS and BMGE/PDMS 

composite films. When the volume fraction of filler is less than 1.5%, the electrical conductivity of 

the three composite films is very low, because there is no or little contact between the graphene sheet 

layers, and no conductive network is formed. When the volume fraction of filler is greater than 1.5%, 

the conductive network is gradually formed, and the conductivity starts to increase, and the 

conductivity increases sharply at 1.5 vol% - 2.8 vol%. When the volume fraction of filler is greater 

than 2.8%, the conductivity grows slowly. Bringing the data into Equation 1, their percolation 

thresholds were calculated to be 2.27 vol%, 2.31 vol% and 2.66 vol%, respectively. Based on the 

above discussion, 3vol% composite films will be selected as a representative study target in the 

following studies. 

   

Figure 5: The electrical conductivity of (a) GNP/PDMS, (b) MGE/PDMS and (c) BMGE/PDMS composite 

films. 
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3.4. Film morphology analysis 

As shown in Figure 6(a1, a2, a3), the GNPs are stacked together and wrapped by the PDMS matrix 

to form a wrinkled structure, and the GNPs are connected to each other to form a conductive network, 

which makes the composite film with good conductivity. However, the dispersion of GNPs in PDMS 

is not uniform, and the region indicated by the yellow arrow in Figure 6(a1) is relatively flat, 

indicating that there are few GNPs in this area. In other regions, more GNPs are clustered together, 

which affects the electrical conductivity and mechanical properties of the films. In addition, there are 

many voids in the cross section of GNP/PDMS composite films, as shown by the yellow arrows in 

Figure 6(a2, a3). 

Figure 6(b1, b2, b3) show the cross-sectional morphology of the MGE/PDMS composite films. 

Compared with GNP, MGE is relatively uniformly dispersed in PDMS, and folded structures exist in 

all regions of the cross section with similar amounts. There are fewer gaps in the cross-section of 

MGE/PDMS composite films, indicating that the binding effect of MGE is better than GNP’. Due to 

the smaller thickness of MGE, there will be more graphene sheets dispersed in PDMS, resulting in a 

more uniformly distribution and forming more conductive paths. As shown in Figure 6(c1, c2, c3), 

the BMGE/PDMS composite film has less wrinkled structures compared to the MGE/PDMS 

composite film. Since the sheet of BMGE are thicker, fewer sheets are dispersed in the PDMS, thus 

forming fewer conductive paths. In addition, it can be seen that there are more gaps in the cross-

section of the BMGE/PDMS composite film than the MGE/PDMS composite film. 
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Figure 6: The SEM images of (a1, a2, a3) GNP/PDMS, (b1, b2, b3) MGE/PDMS and (c1, c2, c3) 

BMGE/PDMS composite films. 

3.5. Sensing performance 

Sensitivity is the one of the most important properties of a sensor. The sensitivity of a strain sensor is 

expressed as a gauge factor (GF), calculated as: 

 GF=
∆R R0⁄
∆L L0⁄ =

∆R R0⁄
ε

 (2) 

where ∆R  is the resistance variation value during stretching, R0  is the initial resistance of the 

composite film, ∆L  is the elongation of the composite film, and L0  is the initial length of the 

composite film.51,52 Linearity refers to the degree to which the sensor strain and output resistance 

curves do not agree with the fitted straight line. R2 of the fitted straight line is the linearity of the 

sensor, and if the linearity of the sensor is higher in a certain strain range, the calculation of sensitivity 

within the range is more accurate. The test was performed by fixing the both ends of the composite 

film with a tensile machine jig, using a sandpaper to prevent damage to the composite film when the 
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jig was clamped. The tensile speed was kept constant and the resistance data and strain data were 

recorded continuously. 

In Figure 7(a) and Figure7(b), the sensing ranges of GNP/PDMS composite film and MGE/PDMS 

composite film are 40% and 48%, respectively. According to the calculations, the GFs of MGE/PDMS 

composite films are 46 and 57 in the 0%-20% strain range, 141 and 152 in the 20%-40% strain range, 

and 156 in the 40%-48% strain range, respectively. The sensing range and sensitivity of the 

MGE/PDMS composite film are higher than those of GNP/PDMS composite film. Due to the ball 

milling treatment and APTES modification, the thickness and size of MGE are smaller, and more 

sheets can be dispersed in the matrix with uniform dispersion, creating more conductive paths within 

the matrix. Moreover, the contact area between MGE sheets is smaller, and the sheets separate from 

each other after being subjected to external forces, resulting in larger resistance changes. As shown 

in Figure 7(c), the sensing range of the BMGE/PDMS composite film is 57%, which is the largest 

comparing to the other two composite films. The GF is 40 at 0%-20% strain, 137 at 20%-40% strain, 

and 146 at 40%-57% strain. BMGE/PDMS composite film shows less sensitivity and still cannot 

meet the sensitivity requirements of many flexible devices. The larger thickness and size of BMGE 

results in fewer sheets in the substrate, resulting in fewer conductive paths. Although the larger 

contact area between BMGE sheets allows for a larger sensing range, the smaller change in resistance 

at under load will affect sensitivity. 

Figure 7(d) shows the resistances of the three composite films at different bending angles. The 

composite films have good flexibility, can be restored to its original shape without cracks after being 

bent to 180°. The initial resistance of all the composite films is around 15 kΩ, and the resistance of 

the composite films increases with the bending angles. The resistance change of MGE/PDMS 
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composite film is the largest, and the resistance change of BMGE/PDMS composite film is the 

smallest, which is consistent with the analysis of sensitivity. This shows the potential of composite 

films in monitoring bending deformation. 

  

  

Figure 7: The relative resistance variation versus tensile strain curves of (a) GNP/PDMS, (b) MGE/PDMS 

and (c) BMGE/PDMS composite films. (d) The resistive responses to bending deformation of GNP/PDMS, 

MGE/PDMS and BMGE/PDMS composite films. 

The response time is the reaction time for the sensor to undergo a corresponding change in resistance 

after being stretched. As shown in Figure 8(a, b, c), the resistance of the composite film does not 

reach its maximum value at the same time after the strain reached 15%, but reaches its maximum 

value after a certain period of time. The resistance change of GNP/PDMS composite film is about 5 

times, the resistance change of MGE/PDMS composite film is about 7.5 times, and the resistance 

change of BMGE/PDMS composite film is about 4 times. Their response times are 0.15 s, 0.12 s and 
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0.12 s, respectively. 

To test the response of the composite film to small strains, the tensile deformation experienced by the 

film was gradually increased from 0.1% to 0.5%. In Figure 8(d), the resistance of the composite film 

increases with increasing strain, and the MGE/PDMS composite film has the largest change in 

resistance. For example, when the strain increases to 0.5%, the change in resistances of GNP/PDMS, 

MGE/PDMS, and BMGE/PDMS composite films are about 0.04 times, 0.06 times and 0.045 times, 

respectively, indicating that the composite films can detect small strains. 

  

  

Figure 8: The response time of (a) GNP/PDMS, (b) MGE/PDMS and (c) BMGE/PDMS composite films. (d) 

The relative resistance variation step tensile strains of GNP/PDMS, MGE/PDMS and BMGE/PDMS 

composite films. 

To investigate the stability and repeatability of the composite films, 10,000 cyclic load-unload tests 

on three composite films with a strain of 2% were performed. As shown in Figure 9(a, b, c), their 
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change in resistances is very stable with only a small range of variation. In the enlarged plots of the 

first 100 cycles and the last 100 cycles of the GNP/PDMS composite films, it can be seen that the 

middle value of the resistance variation range drops from -5 to -10, which is caused by the change in 

the initial structure of the graphene interior and interface.53 Compared to the GNP/PDMS composite 

films, the MGE/PDMS and BMGE/PDMS composite films are more stable, and their resistance 

change ranges remain almost constant after 3000 cycles. This indicates that the composite films have 

long-term stability and repeatability. 

   

Figure 9: The relative resistance variation under 10000 stretching-releasing cycles at the strain of 2% of (a) 

GNP/PDMS, (b) MGE/PDMS and (c) BMGE/PDMS composite films. 

4. Conclusion 

In this work, three graphene fillers were prepared by thermal expansion-ultrasonication, thermal 

expansion-ball milling-APTES modified and ball milling-APTES modified graphene powders, and 

the effects of the addition of the three fillers on the electrical and mechanical properties of the 

composite films were further investigated. The results showed that the electrical and mechanical 

properties of the films were related to the filler properties, the thickness and size of the sheets, and 

the degree of dispersion in the PDMS matrix. Compared with GNP/PDMS composite films, the 

mechanical properties and electrical conductivity of MGE/PDMS composite film are improved. 

BMGE/PDMS composite film shows the best result of mechanical properties comparing to the other 
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two composite films, but its sensitivity is the lowest. Due to the different raw materials used in the 

preparation of fillers, BMGE is more suitable for enhancing the mechanical performance of PDMS. 

The excellent sensing performance of MGE/PDMS composite films demonstrate its great potential 

in various future practical applications, such as human motion monitoring, personal healthcare and 

structural monitoring. 
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