
1. Introduction
Graphene and its derivatives, incorporated in a vari-

ety of polymer matrices as fillers are expected to find

significant applications as smart materials and smart

polymers in various fields like aerospace [1], flexible

electronics [2], radiation protection [3], EMI/EMC

[4] and for strain sensing in structural health moni-

toring (SHM) [5]. Graphene possess superior ther-

mo-electro-mechanical properties with large specific

surface area and higher aspect ratio. It demonstrates

unusual electrical properties, such as anomalous

quantum hall effect with high electron mobility of

about 250 000 cm2/(V·s) at room temperature [6].

Electrical conductivity of graphene has been reported

in the range of 107–108 S/m. Tensile strength and

Young’s modulus of single layer graphene is about

130 GPa and 1TPa respectively [7]. Owing to their

outstanding properties, several derivatives of graphene

such as graphite, expanded graphite (EG), foliated

graphite (FG), graphene oxide (GO), reduced graphene

oxide (RGO), functionalized graphene oxide (fGO)

and graphene nanoplatelet (GNP) as fillers have been

extensively studied to develop graphene/polymer

nano composite films as piezoresistive strain sensors

for structural health monitoring applications [8–11].

In situ polymerization, melt mixing and solution

casting are some of the effective and commonly used

methods to produce these nanocomposites. Among
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these methods, solution casting is the most popular

technique to fabricate polymer nanocomposites [12].

Polymers, such as polystyrene (PS), polycarbonate

[13], polyacrylamide, polyimide [14] and poly (methyl

methacrylate) (PMMA) [15] have been successfully

used. Dispersion of graphene in the polymer matrix

is still a challenge because of the strong tendency of

the particles to aggregate [16]. Based on the degree

of dispersion in the matrix, graphene fillers can exist

in different forms e.g. stacked, intercalated or exfo-

liated. Exfoliated platelets have the largest interfacial

contact with the polymer matrix owing to their high

degree of dispersion [17] and hence shows enhanced

electrical, mechanical and piezoresistive properties

[18, 19].

Straining of the graphene nanocomposite film leads

to a significant deformation of the graphene resulting

in the shift of its electronic band structure. This cause

changes in the electrical properties resulting in notable

electro-elastic coupling and piezoresistivity [20].

Several groups have developed graphene nanocom-

posite strain sensors with different sensitivity, ex-

pressed as gauge factor (GF). Lee et al. [21] fabri-

cated a graphene based strain sensor and reported a

GF of 6.1 with an applied strain of 1%. The ‘trans-

ferred graphene’ on polydimethylsiloxane (PDMS)

has a higher GF of 151 [22]. A reduction in GF with

increased unstrained resistance of the sensor and num-

ber density of graphene flakes was observed with

GNP spray coated sensors [23]. Eswaraiah et al. [24]

reported a GF of 12.1 at 2.2 wt% of RGO in a study

with polyvinylidene fluoride (PVDF) matrix which in

turn decreased with further loading of graphene. In

yet another study with graphene wrapped over carbon

nanotubes-based PVDF composites a GF of 20 was

reported [25]. Increase in piezoresistive behaviour and

GF was observed with increase in sheet resistance and

a highest GF of 300 achieved at 109 Ω [26].

Although, highly sensitive sensors are reported using

graphene nanocomposites, the effect of filler con-

centration, dispersion of nanofillers on the piezore-

sistive behaviour was not fully explored, particularly

near the percolation region. At a certain filler loading

known as percolation threshold, graphene fillers

form a network leading to an abrupt rise in the elec-

trical conductivity of the composite. Nanocompos-

ites produced via melt mixing and solution mixing

of graphene sheets have shown an electrical perco-

lation threshold of 0.5 to 1% by volume in different

polymer matrices [27, 28]. Liang et al. [29] reported

a percolation threshold of 0.53 volume percent for

the neat graphene/epoxy nanocomposites and

0.1 volume percent for the functionalized graphene

filled epoxy composites. Pang et al. [30] reported

percolation threshold as low as 0.07 volume percent

for the graphene/ultrahigh molecular weight poly-

ethylene nanocomposites. Numerous factors such as

concentration and dispersion of graphene, fabrica-

tion method, functionalization and aspect ratio of

graphene sheets, inter-sheet junction and orientation

of graphene platelets influence the overall conduc-

tivity of the graphene/polymer composites and their

percolation threshold and hence piezoresistivity [31,

32]. It is speculated that this critical weight percent

and the state of dispersion is important for applica-

tions in the field of piezoresistive strain sensing [12,

20]. A detailed study with respect to percolation

threshold and the piezoresistive behaviour of these

graphene-polymer nano composites is essential and

such understanding helps in the development of

graphene based smart polymer nanocomposites and

smart structures. We preferred solution casting

process for the preparation of GNP/ PMMA films

because the non-covalent interactions via hydrogen

bonding and π–π stacking are easily achieved by this

method [33].

2. Experimental
2.1. Materials and methods

Pure and un-oxidized GNP of  thickness <3 nm and

diameter <10 µm with an electrical conductivity of

70 000 S/m, prepared by low temperature physical

exfoliation were obtained from Graphenelab Ltd,

London, UK and used without any further treatment.

Carbobyk-9810 CNT paint, containing 8 wt% of

CNT with water as a carrier was obtained from BYK

Additives and Instruments, Wesel, Germany. Poly

(methyl methacrylate) (PMMA) (average MW ~

120 000 g/mol) purchased from Sigma-Aldrich,

India and tetrahydrofuran (THF)-AR was used as the

solvent, purchased from Ranbaxy Fine Chemicals,

Mumbai, India. Conductive glue was obtained from

Idolon Technologies, MA, US.

GNP was dispersed by adding 5 mg of GNPs to 30 mL

THF and ultrasonicated for 300 minutes using an

ELMA Transonic Ti–H–5, 135 kHz bath sonicator.

PMMA/THF stock solution was separately prepared

by dissolving 3.5 mg of PMMA in 140 mL THF using

a magnetic stirrer. GNP-THF dispersion was ultrason-

icated for a further 180 minutes after adding 20 mL
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of stock solution. This mixture was poured in to a Petri

dish and ultrasonicated further to avoid agglomeration

of the GNP and the solvent was allowed to evaporate

for 48 h at room temperature. The film was dried at

50°C for 24 h in a vacuum oven. This film is equiv-

alent to 1 wt% GNP loading. The film thickness was

measured to be approximately 100 µm. The steps in-

volved in the preparation of the films are shown in

Figure 1. Other weight percentage samples were pre-

pared by varying the concentration of GNP in a sim-

ilar manner.

The electrical resistance of the nanocomposite films

was measured on the surface using a Fluke 17B digital

multimeter and expressed as bulk conductivity. To

measure the strain sensitivity, films of 25×15 mm size

were affixed to aluminum beams of 200×30×2.5 mm

dimensions by vacuum bonding using M bond 200

adhesive and cured for 24 hours. Measurement was

done by subjecting the aluminum specimen to tensile

load using a 10 kN load cell (Figure 2a) and change

in electrical resistance of the films was monitored

using a four-probe Keithley 2450, Interactive Source

Meter as shown in Figure 2b. The load and crosshead

displacement were sampled at 1000 Hz frequency

maintaining a loading rate of 1 mm/min. The meas-

urements were repeated for all samples of varying

GNP weight percentage. Similar type of measurements

were conducted on the commercially obtained CNT

paint coated on a polyethylene theraphthalate (PET)

film and also on a conventional quarter bridge strain

gauge WK-13-125TM-350 with a GF of 2.08±1%.

3. Results and discussion
3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) of the nano -

composite samples were done to assess the dispersion
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Figure 1. GNP/PMMA nanocomposite films preparation

method

Figure 2. a) Test setup to measure the strain sensitivity of GNP/PMMA films b) Schematic of the test setup (a film of size

25×15 mm bonded to an aluminum beam of size 200×30×2.5 mm)



of GNP in PMMA. Figures 3a to 3c show the degree

of dispersion at 2, 3 and 10 wt% GNP respectively.

Platelet like flakes randomly distributed in the matrix

can be identified. This distribution turns denser and

the inter-particle distance of GNP becomes shorter as

the weight percentage is increased. Homogeneous

dispersion of nanofillers is a significant parameter

for obtaining high performance nanocomposites.

These GNPs observed to be oriented parallel to the

film's surface in the SEM images. As reported earlier

[14] nanoplatelet with high aspect ratio have a ten-

dency to align and inclined to lay flat during the so-

lution casting process. Figure 3d shows the zoomed

image of the particles where stacked flakes of size

less than 2 µm can be observed, indicating improper

dispersion at higher filler loadings.

3.2. Electrical conductivity

Classic theory of percolation, envisages a power law

relationship as shown in Equation (1) for conductive

fillers incorporated in an insulating matrix:

(1)

where σc is the conductivity of nanocomposite, σ0

conductivity of the filler, φ filler fraction, φc critical

fraction of filler or percolation threshold, t is critical

exponent which is related to dimensional aspects of

the filler network. According to this theory current can

only flow above a critical fraction known as perco-

lation threshold (φc), hence the equation is valid for

a region for φ > φc. The bulk conductivity of the GNP/

PMMA films shows a power law dependency as a

function of GNP weight percent (Figure 4). Initially,

when the filler fraction is low the composite showed

low conductivity in the orders of 10–3 S/m which is

a matrix dominated property. The bulk electrical

conductivity of the film sharply increased to several

orders of magnitude i.e. from 0.004 to 42.8 S/m with

subsequent increase in GNP concentration from 2 to

10 wt %, arguably due to the building up of new con-

ducting paths. In this range of GNP loading a certain

critical weight percent probably exists where the inter

c c
t

0v v z z= -R W
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Figure 3. SEM micrographs of GNP/PMMA nanocomposite films at (a) 2, (b) 3, (c) 10 wt% and (d) enlarged view of a the

rectangular portion where agglomeration of several GNPs can be observed as a single graphene flake



particle distance falls in the range required for tun-

neling of charge between the neighboring graphene

flakes. This critical weight percent known as perco-

lation threshold and the state of dispersion is impor-

tant for applications in the field of piezoresistive

strain sensing [12]. However from the Figure 4, we

can observe that the increase in conductivity is really

not as sharp as the percolation theory envisages. This

can be attributed to the random and imperfect dis-

persion of the GNP in the matrix at higher concen-

trations. The exact point of percolation threshold is

difficult to be located on this conductivity curve and

hence an approximate inflection point at 3 wt % of

GNP is assumed as the percolation threshold. The

inset shows log-log plot of the data for φ > φc using a

linear fit, where critical exponent t is observed to be

1.5. While value of t varies from 1.6 to 2.0 theoreti-

cally, experimental values between 1.3 to 4.0 was re-

ported for three dimensional percolative network of

conductive fillers in an insulating matrix [34].

3.3. Piezoresistive behaviour

Figure 5 shows the percentage change in resistance

(∆R/R) of GNP/PMMA films against tensile strain

up to a maximum of 1000 micro strains with varying

GNP content. It is assumed that the films experience

the same strain as that of the beam. Here the change

in resistance increases linearly with strain for all

films. The slope of the curve keep on increasing up to

3 wt% and then shows a downward trend with further

increase in GNP. This observation is contrary to the

earlier study [23], where a monotonous increase in

the change resistance is reported with decrease in

number density of the GNP. Maximum slope was ob-

served for 3 wt% GNP sample which showed a sig-

nificant difference compared to 2.5 and 3.5 GNP wt%

samples. This difference in slope is in turn very large

compared to that of the other samples.

The piezoresistive effect of the GNP/PMMA films

can be attributed mainly to three factors such as in-

herent piezoresistivity of the GNP, variation in their

conducting network and change in GNP inter-parti-

cle distance and tunneling resistance caused by applied

strain. At lower concentrations, say below 3 wt% the

distance between the neighboring platelets is rela-

tively large. When this film is strained, the graphene

platelets get stretched leading to change in carbon-

carbon bond lengths resulting in change in resistance

owing to increased band gap. This change in resist-

ance does not get transferred to the probes placed a

few millimeters apart because of the insulating na-

ture of the matrix rich regions and hence the net

change in resistance is observed to be smaller. How-

ever, the order of change in resistance is significantly

larger compared to a conventional strain gauge and

a CNT paint sensor, as shown in the inset. Lee et al.
[21] shown that the piezoresistive effect of pristine

graphene is limited by the lattice distortion. Howev-

er, the order of change in resistance is significantly

larger compared to pristine graphene. A possible rea-

son could be that the change in the inter particle dis-

tance of GNPs coupled with lattice distortion has re-

sulted a higher change in resistance compared to the

pristine graphene.
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Figure 4. Electrical conductivity of the GNP/PMMA nano -

composite films as a function of GNP loading. Ap-

proximate inflexion point at 3 wt% was identified

as percolation threshold φc. Data follows a power

law and the data in the inset shows a linear trend

for φ > φc.

Figure 5. Change in resistance of GNP/PMMA nanocom-

posite films of different weight percent GNP under

tensile strain (Inset shows the response of a CNT

paint sensor which is having 8 wt% CNT and a stan-

dard strain gauge)



As the GNP content is increased the distance between

the neighboring GNP reduces and additional conduc-

tive paths are formed. At a critical weight percent i.e.

at the percolation threshold of 3 wt % of GNP, the

distance between the neighboring platelets reaches

an optimum value that is required for electrical con-

ductivity by tunneling effect. At this point if the film

is strained, all the three mechanisms discussed ear-

lier simultaneously comes into effect resulting in a

drastic change in resistance with strain. Hempel et
al. [23] observed no shift in the Raman G band with

strain indicating absence of any deformation of the

graphene platelets. Here, in the absence of a polymer

matrix to transfer the applied strain to the graphene

flakes, the change in resistance has been explained

based on the separation between the neighboring

flakes caused by their slippage.

When the GNP content is increased beyond the per-

colation threshold the GNP platelets show a tendency

to stack so as to accommodate the excess platelets.

Such a composite film when subjected to strain, GNPs

move apart creating gaps between the platelets. Sub-

sequently many platelets in the stacked structure slide

over into these gaps leading to formation of new

conducting pathways. Thus the net change in resist-

ance due to strain is observed to be smaller. This ex-

plains the drastic drop in the slope of the piezoresis-

tance curve above the percolation threshold. This

strong relation between percolation threshold and

piezoresistive strain sensitivity observed in this study

is very important in deciding the optimum concen-

tration of GNP in the composites required for devel-

oping a strain gauge of high sensitivity for SHM ap-

plications.

3.4. Gauge factor

The sensitivity of the sensor is measured as gauge

factor (GF) which is the ratio of the change in resist-

ance to the change in corresponding strain as shown

by Equation (2):

(2)

where R0 is the unstrained resistance of the sensor,

Rf is the final resistance after application of strain ε.

Figure 6 shows the GF of films plotted as a function

of φ/φc, ratio of GNP wt% to the percolation thresh-

old. For φ < φc, the GF shows an increasing trend with

GNP concentration. When φ/φc is equals to 1 i.e. at

the percolation threshold of 3 wt% of GNP loading, a

maximum sensitivity is obtained with a GF of 114±13.

On further loading of GNP beyond percolation thresh-

old i.e. φ > φc, the GF is drastically reduced.

This interesting behaviour is attributed to the fact

that in the percolation region, tunneling type of ef-

fects dominates and up on straining these contacts

break and a drastic change in electrical conductivity

with strain can be observed. A small change in GNP

weight fraction either side of the threshold has shown

a significant variation in the GF as shown in the fig-

ure. For φ < φc, the film was dominated by matrix rich

regions and for φ > φc, several alternative conductive

paths are available for the current to flow and hence

a smaller change in resistance with strain is observed

in both cases. Details of GFs obtained with wt% of

GNP and unstrained resistance of the sensor are shown

GF R
R Rf

0

0

f=
-
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Table 1. Summary of electrical conductivity, unstrained re-

sistance and gauge factors of GNP/PMMA nano -

composite films, standard strain gauge and CNT

paint sensor

Weight percent of

GNP in

PMMA/sensor

type

Electrical

conductivity

[S/m]

Sensor

unstrained

resistance 

[Ω]

Gauge

factor

[GF]

1.0 6·10–4 3.4·108 16±3.0

2.0 0.004 2.6·106 21±1.5

2.5 0.022 0.9·106 38±5.0

3.0 0.029 6.6·105 114±13

3.5 0.051 3.9·104 47±7.0

5.0 9.400 4.2·103 19±6.0

10.0 42.800 488 17±6.0

20.0 126.000 166 9±2.0

Strain gauge – 351 2.0

CNT Paint 115.000 131 3.4

Figure 6. Variation in gauge factor (GF) of nanocomposite

films as a function of φ/φc, maximum GF was ob-

tained at φ/φc = 1, i.e. at the percolation threshold

of 3 wt% of GNP. (Inset shows the variation of GF

as a function of unstrained resistance of the sensor.)



in Table 1.While the GFs of the standard strain gauge

and CNT paint sensors are 2 and 3.4 respectively, a

1 wt% GNP/PMMA film showed significantly high

sensitivity to strain with a GF of 16. The large noise

in the data can be attributed to measurement error.

Hempel et al. [23] and Zhao et al. [26] reported an

increasing trend for GF as a function of unstrained re-

sistance of the sensor and observed that high resis-

tivity samples exhibit a larger sensitivity to strain

[23]. The present study shows (inset of Figure 6) a

similar increasing trend with GF but only up to a crit-

ical resistance corresponding to the percolation

threshold. However, the GF rapidly decreases on fur-

ther increase in unstrained resistance.

4. Conclusions
This study on GNP/PMMA nanocomposite films

shows a non-monotonic piezoresistive behaviour and

GF with the GNP concentration. Electrical conduc-

tivity of the PMMA films followed a power law de-

pendency with a percolation threshold at 3 wt% of

GNP. A significant variation in the piezoresistive

strain sensitivity was observed near the percolation

region. Contrary to the earlier reports, we observed

that the GF is increased with unstrained resistance of

the nanocomposite films up to a critical value corre-

sponding to the percolation threshold and then de-

creased drastically. While a maximum GF of 114±13

was obtained for the GNP/PMMA films, commercial-

ly obtained CNT paint showed a GF of 3.4. This study

substantiates the critical relation between the perco-

lation threshold and piezoresistive behaviour and is

useful for the design and development of graphene/

polymer nanocomposite strain sensors and smart

structures.
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