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ABSTRACT: Nanocomposite strain sensors, particularly those consisting of polymer-

graphene composites, are increasingly common and are of great interest in the area of wearable 

sensors. In such sensors, application of strain yields an increase in resistance due to the effect 

of deformation on inter-particle junctions. Typically, widening of inter-particle separation is 

thought to increase the junction resistance by reducing the probability of tunnelling between 

conducting particles. However, an alternative approach would be to use piezoresistive fillers, 

where an applied strain modifies the intrinsic filler resistance and so the overall composite 

resistance. Such an approach would broaden sensing capabilities, as using negative 

piezoresistive fillers could yield strain-induced resistance reductions rather than the usual 

resistance increases. Here we introduce nanocomposites based on polyethylene-oxide (PEO) 

filled with MoS2 nanosheets. Doping of the MoS2 by the PEO yields nanocomposites which 

are conductive enough to act as sensors, while efficient stress transfer leads to nanosheet 

deformation in response to an external strain. The intrinsic negative piezoresistance of the 

MoS2 leads to a reduction of the composite resistance on the application of small tensile strains. 

However, at higher strain the resistance grows due to increases in junction resistance. MoS2-

PEO composite gauge factors are approximately -25 but fall to -12 for WS2-PEO composites 

and roughly -2 for PEO filled with MoSe2 or WSe2. We develop a simple model, which 

describes all these observations. Finally, we show that these composites can be used as dynamic 

strain sensors.  

KEYWORDS: liquid phase exfoliation; transition metal dichalcogenide; graphene; 2-

dimensional; strain gauge;  
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Over the last decade, the need for next-generation strain and pressure sensors has stimulated a 

considerable amount of research across many areas of materials science. More recently, 

demand for wearable sensors which monitor biological functions such as pulse and blood 

pressure has moved the focus toward soft, flexible sensing materials. This has largely involved 

the development of nanocomposites and other nanostructured sensing materials.1-7  

Generally, strain sensors are based on piezoresistive materials, i.e. those materials for which 

an applied strain, , results in a resistance change such that  

0/R R G =           (1a) 

where G is the gauge factor. Usually, the gauge factor is measured at low strain and in that 

limit it can be shown that8 
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where  and  are the Poisson ratio and resistivity of the piezoresistive material and 0 is its 

zero-strain resistivity. For most metals, d / d   is small, leading to gauge factors in the range 

2-4.8 However, for many semiconducting materials, applying strain leads to changes in band 

structure that can modify either carrier density or mobility such that d / d   can be large, 

resulting in relatively high values of G.9 For example, p-type silicon displays a gauge factor of 

up to 175.8 In addition, composite strain sensors based on polymers filled with conductive 

nano-materials, such as nanotubes or graphene, can display high gauge factors.10-14 This is 

generally attributed to quantum mechanical tunnelling between conductive particles which can 

lead to very high values of d / d   and so G, as discussed in a number of papers and reviews.15-

17 As an example, polysilicone-graphene composites have recently been reported with gauges 

factors above 500.2 

The discussion above implies that piezoresistive materials always have positive gauge factors 

i.e. their resistance increases with increasing tensile strain. While this is true for the vast 

majority of materials, there exist a small number of materials with negative gauge factors 

(resistance decreases with increasing tensile strain). Negative piezoresistance is an interesting 

phenomenon that provides a window into the dependence of band structure on strain and can 

be harnessed to produce atypical sensors. Notably nickel has a gauge factor of G = –12,8 due 

to strain-induced conductivity enhancement. Additionally, a small number of semiconductors 

display negative gauge factors. Most well-known, n-type silicon8 has a negative gauge factor 
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of –135 while gauge factors as high as –285 have been reported for Si nanowires.18 In addition, 

SiC, Ge and GaAs also have reasonably high negative values of G.8 However, most 

interestingly for this work is the fact that the band gap of the 2-dimensional semiconductor 

MoS2 (i.e. the 2H polytype)19 tends to change with strain,20-22 leading to negative gauge factors 

ranging from –225 for bilayer MoS2 to –50 for few layer MoS2.
23, 24 

However, with the exception of a handful of reports showing negative gauge factors for 

polymers filled with Ni particles,25 nanocomposites have almost universally demonstrated 

positive G. This is due to the fact that the piezoresistance in composites is dominated by effects 

associated with inter-particle junctions which lead exclusively to G > 0. While polymer fibers 

coated with conducting polymers have demonstrated small negative gauge factors (due to chain 

alignment effects),26, 27 to the best of our knowledge no nanocomposites of polymers filled with 

semiconducting particles have been reported with negative G. The reason for this is twofold. 

First, very few researchers have studied the electromechanical properties of polymers filled 

with semiconducting piezoresistive particles, partly due to the expectation of low conductivity. 

Secondly, even if such studies were made using negative piezoresistive particles, unless a 

reasonably strong polymer-particle binding can be achieved, it is difficult to transfer strain to 

the filler particles. As a result, rather than significantly deforming the filler particles and so 

reducing the particle resistance, applied strains tend to result in relative motion of adjacent 

filler particles, leading to increased separation and so enlarged inter-particle junction 

resistance.28  

Nevertheless, it would be of basic interest to fabricate negative piezoresistive particle-polymer 

composites where an applied strain could lead to a reduction in particle resistance. The 

demonstration of a reduction in overall composite resistance would be an unambiguous 

indicator of stress/strain transfer at the polymer-particle interface, an area which is of 

fundamental interest in mechanically reinforced composites29, 30 (unambiguous because all 

other piezoresistive effects lead to resistance increases). If strain were transferred, it is likely 

that the negative piezoresistance of the filler particles could dominate the composite resistance 

at low strain. However, at higher strain, other more typical effects, such as tunnelling, might 

dominate, leading to increasing resistance. Such composites would demonstrate interesting and 

perhaps useful properties such as negative gauge factor, a resistance minimum at some critical 

strain as well as both positive and negative differential gauge factors, depending on the strain. 

In addition, we note that incorporating intrinsically piezoresistive particles in composites has a 

number of advantages. For example, composite production and processing is cheap and easy 
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and minimises the content of active materials. In addition, composite formation allows control 

of the mechanical properties of the sensing material, for example by careful polymer choice, 

which will be important in bio-medical sensors which sometimes have to be extremely soft. In 

addition, if one considered non-electrical readout methods (e.g. optical via 

photoluminescence), such composites could allow local strain measurements, for example in 

structural polymers. 

We propose that such a material could be fabricated using semiconducting nanosheets of 2D 

materials such as MoS2 or WSe2. 2D materials have generated much interest in recent years 

due to their shape, aspect ratio and diverse properties.19, 31 A very wide range of 2D materials, 

including graphene and MoS2, can be produced in large quantities by techniques such as liquid 

exfoliation,32, 33 allowing the production of a range of structures34 including polymer-based 

composites.35 Furthermore, as mentioned above, MoS2 is known to demonstrate a negative 

gauge factor. Negative piezoresistance might be harnessed in a composite because the high 

aspect ratio of 2D nanosheets may allow the transfer of enough of the applied strain to the 

nanosheets to yield a significant reduction in nanosheet resistance. If large enough, this could 

yield a measurable reduction in composite resistance. However, beyond graphene, not many 

2D materials have been used as fillers in polymer-based composites. Although a small number 

of papers have demonstrated mechanical reinforcement in polymer/MoS2 composites,36, 37 no 

papers describe using the semiconducting (2H) form of MoS2 as a conductive additive while 

electromechanical studies on 2H-MoS2  and other semiconducting nanosheet-polymer 

composites have not been reported. 

Here we describe the production of composites fabricated from liquid-exfoliated MoS2 

nanosheets and poly(ethylene oxide) (PEO). We find significant mechanical reinforcement and 

strain-induced Raman band shifts indicating the transfer of strain from matrix to nanosheet. In 

addition, we find the PEO dopes the nanosheets, significantly increasing their conductivity and 

resulting in composite conductivities of >10-5 S/m. Most importantly, we find a reduction in 

resistance at low strain, consistent with the influence of the negative piezoresistive filler, 

followed by a resistance increase above the yield strain, probably due to tunnelling. We develop 

a simple model to describe these data that predicts the composite gauge factor to decrease as 

the nanosheet conductivity increases. Experiments on polymers filled with WS2, MoSe2 and 

WSe2 confirm this prediction. Finally, we have used PEO/MoS2 composites to demonstrate 

dynamic strain sensors. 
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RESULTS AND DISCUSSION 

Nanosheet production 

MoS2 nanosheets were produced by liquid phase exfoliation.38 In brief, MoS2 powder was 

sonicated in water and surfactant (sodium cholate) for 330 minutes. The resultant suspension 

was centrifuged twice39 to remove both small nanosheets and large unexfoliated crystallites, 

yielding the larger nanosheets. The optical extinction spectrum of such a size-selected 

dispersion is shown in figure 1A (black line). The long tail at high wavelength is indicative of 

scattering as expected for large nanosheets.40 Using an integrating sphere to remove the 

scattering spectrum41 (red line in figure 1A) yields the true absorbance spectrum (blue) which 

has the shape expected from MoS2, typified by the A-exciton peak around 670 nm.41 Using 

published metrics,41 we can use this excitonic position as well as the spectral shape to estimate 

the mean nanosheet thickness and length to be ~5-6 nm and ~240 nm respectively. We can 

confirm the nature of the nanosheets by performing Raman spectroscopy ( = 532 nm) on a 

filtered nanosheet film. As shown in figure 1D, the resultant spectrum shows the characteristic 

bands at 380 and 405 cm-2 as expected for the semiconducting (2H) form of MoS2.
42  

TEM imaging showed the suspension to contain large numbers of 2D objects which are clearly 

few-layer nanosheets (figure 1C). Nanosheet lengths as measured from the TEM images are 

plotted as a histogram in figure 1D. The length distribution varied from 50 nm to 700 nm with 

a mean at 240 nm. In addition, AFM measurements were performed on nanosheets deposited 

into Si/SiO2 with a representative image shown in figure 1E. Statistical analysis (figure 1F) 

gave a nanosheet length distribution very similar to that measured by TEM as well as a 

thickness distribution showing the vast majority of nanosheets to be <10 nm thick with a mean 

at 5.5 nm. This data also shows that 77% of nanosheets were thicker than 4 monolayers and so 

had roughly thickness-independent bandgaps43 and so similar (intra) nanosheet conductivities. 

We note that the length and thickness data extracted from TEM, AFM and spectroscopic data 

are in good agreement.  

Composite fabrication and basic characterisation 

Polymer-nanosheet composite suspensions were made by blending the nanosheet dispersion 

with solutions of poly(ethylene oxide) (PEO) in various ratios to yield a range of mass 

fractions, Mf, between 0 and 8wt%. These were formed into composite films by dropcasting 

into petri dishes and oven drying (figure 2A). The resultant composite films appeared 

completely uniform to the eye. Raman spectroscopy (figure 2B) measured on these films 
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showed the expected modes from both MoS2 and PEO, albeit with significantly greater 

intensity in the MoS2 modes.  

These composites were characterised mechanically by measuring tensile stress-strain curves 

on at least five samples for each mass fraction. In all cases, ductile behaviour was observed 

with most breaking strains exceeding 100%. A selection of representative stress-strain curves, 

focusing on the low-strain region are shown in figure 2C. It is clear from these data that addition 

of MoS2 nanosheets tends to stiffen the PEO. This can be seen quantitatively by plotting the 

average Young’s modulus, Y, as a function of MoS2 volume fraction, , in figure 2D. This 

shows a considerable increase from Y=270 MPa for PEO to Y=570 MPa for the  = 0.5% (2 

wt%) sample, after which the modulus saturates. Such a saturation at higher filler loading is 

usually attributed to aggregation effects.44 In addition, we found that the ultimate tensile 

strength did not change significantly with nanosheet loading, staying roughly constant at 10-

15 MPa, whereas the yield strain fell significantly from ~10% for PEO to ~4% for a composite 

with 2.5 vol% (10 wt%) MoS2. 

We can analyse the modulus increase quantitatively using the rule of mixtures. This model 

predicts the composite modulus, Y, to increase with filler volume fraction as:45 

(1 )L o F PY Y Y   = + −         (2) 

where  is the filler volume, YF and YP are the moduli of the filler and the polymer respectively 

and L, and o are efficiency factors associated with filler length and orientation respectively 

(for randomly oriented distributions of platelets,46 o = 8/15). This model matches the data very 

well up to   0.5%, after which the modulus diverges from theory. Such divergence is often 

found in nanocomposites and is usually attributed to aggregation effects as mentioned above.44 

The linear fit gives L o FY  =60 GPa, which, combined with the value of o given above and 

the known value of YF=270 GPa,47 yields L =0.4. This value is considerably larger than the 

expected value (L<0.1, see SI), implying that the reinforcement is considerably better than 

might be expected. This might be explained by crystallisation of PEO at the MoS2 surface, a 

process that is known to boost reinforcement.48 Such crystallisation may indeed occur as PEO 

is known to crystallise on the surface of graphene.49 In any case, the relatively high levels of 

reinforcement indicate that stress is transferred effectively across the PEO/MoS2 interface. This 

in turn implies that the MoS2 nanosheets come under strain as the polymer is stretched. 
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We also measured the electrical conductivity of the composites as a function of MoS2 loading 

as shown in figure 2E. We found the conductivity to increase from ~10-6 S/m for the lowest 

volume fraction to ~210-5 S/m for the  = 1.75% sample. Interestingly, these values are 

significantly higher than typically reported values of the conductivity of MoS2 nanosheet-only 

films (~10-6 S/m)50, 51 which is very surprising as we would expect mixing with polymer to 

reduce the conductivity compared to neat nanosheet networks.  

To understand this further we fitted the conductivity data to percolation theory:52, 53 

( )0

n

c   = −           (4) 

where 0 is approximately the conductivity of a film of the filler material alone (i.e. an MoS2 

nanosheet network),34 c is the percolation threshold (i.e. the volume fraction where the first 

conductive path is formed) and n is the percolation exponent. The fit is shown as the solid line 

in figure 2E and yields the parameters c = 10-3, n = 1.1 and 0 = 1.73 mS/m. For randomly 

arranged 2D fillers, percolation thresholds are typically c ~ tNS/lNS, predicting c ~ 0.02 here. 

The experimental value is significantly below this prediction, possibly due to aggregation-

induced network formation, often referred to as kinetic percolation.54 In addition, the exponent 

is slightly lower than the value of 1.3 expected for percolation in two dimensions (i.e. a thin 

film), although reduced n-values often accompany low percolation thresholds.53  

What is most unusual about the electrical data is the relatively high value of 0. This parameter 

is a measure of the conductivity of a polymer-free network of the nanoconductor.34, 55 The 

conductivities of networks of MoS2 nanosheets are, however, typically found to be ~10-6-10-5 

S/m,34, 55 considerably lower than the value of 0 quoted above. To explain this discrepancy, 

we hypothesise that the PEO dopes the MoS2 nanosheets via a charge transfer mechanism, as 

is found to occur in some polymer/MoS2 combinations.56 To test this we deposited two MoS2-

only networks on electrode arrays, measuring the conductivity to be 310-5 S/m in each case. 

Then, a ~1 L droplet of a 25 g/L aqueous PEO solution was deposited on each network. They 

were then fully dried and the conductivity re-measured. This procedure was repeated twice 

more with the conductivities plotted in figure 2E inset. In both cases, we observed a steady 

increase in conductivity with an 10 increase observed after three droplets. This is a good 

indication that contact with PEO results in a significant increase in carrier density of the 

nanosheets. 

Electromechanical properties of MoS2/PEO composites 
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What is most interesting about these composites, however, is their electromechanical response. 

Shown in figure 3A are typical plots of fractional resistance change, R/R0, as a function of 

tensile, uniaxial strain, . It is clear from these data that the resistance falls at low strain, reaches 

a minimum at intermediate strains before increasing at higher strains, usually reaching 

resistances somewhat higher than the zero-strain resistance. This behaviour was observed for 

all samples tested (47) over all MoS2 mass fractions. The negative resistances changes were 

quite stable over time as demonstrated by step-strain measurements (see SI). Such strain-

induced reductions in resistance are extremely unusual, with almost all nanocomposite 

electromechanical data showing monotonic resistance-strain increases. The only exception we 

are aware of is our own paper which showed an unusual polysilicone/graphene composite to 

undergo a resistance increase followed by a subsequent decrease with increasing strain.2 

However, in that case, the unusual behaviour was attributed to dynamic behaviour associated 

with the extreme softness of the matrix. 

In terms of quantitative characterisation, the simplest aspect of this behaviour is the gauge 

factor, G (the slope of R/R0 vs. , measured in the limit of low strain). As shown in figure 3B, 

the mean gauge factors measured for MoS2/PEO composites are all negative and range between 

−12 and −25 with a peak at intermediate loading (which will be discussed below). As 

mentioned above, this is in contrast to carbon nanotube- or graphene-filled composites which 

always show positive G (typically 2 < G < 200).57 However, they are similar to previous results 

for composites of polysilicone filled with 1D nickel structures which showed negative gauge 

factors as large as -40.25 

To try to understand this interesting and unusual behaviour, we first note that, as shown in 

figure 3C, the strain associated with the resistance minimum appears to coincide with the yield 

strain (strain at maximum stress) as measured in the tensile mechanical tests. As shown in 

figure 3D, this correlation appeared to hold over all samples. This implies that the negative 

gauge factor is associated (at least in part) with the elastic regime while plastic deformation at 

higher strains results in large resistance increases. 

Normally, tensile deformation of composites results in relative motion of the conductive filler 

particles. This can result in an increase in inter-particle separation with strain, leading to a 

reduction in inter-particle tunnelling, and so in increase in overall composite resistance. A 

mechanism such as this is likely to be responsible for the resistance increase above the yield 

strain. However, below the yield strain the resistance decrease likely has its origin in the fact 
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that the MoS2 nanosheets themselves have a negative gauge factor as described above.24 Given 

the mechanical results shown in figure 2D, it is likely that, at low strains within the elastic 

region, enough stress is transferred to the MoS2 nanosheets to stretch them, thus reducing the 

nanosheet resistance. This then leads to a reduction in composite resistance.  

As mentioned above, in standard composite strain sensors, the composite piezoresistance is 

rarely due to the piezoresistance of the filler particles themselves, but rather is associated with 

effects such as changes in the inter-nanosheet tunnelling resistance.2 This is because the 

relatively low resistance of the filler particles themselves means the overall conductivity is 

limited by junction resistances.58 Thus, any strain-induced changes in the filler-particle 

resistance would be swamped by changes in inter-nanosheet tunnelling with strain. This is not, 

however, the case in MoS2-filled composites because the nanosheets themselves are much more 

resistive than conductive fillers such as graphene nanosheets or carbon nanotubes. The 

composite resistance is then likely to be limited by the nanosheet resistance rather than the 

inter-nanosheet junction resistance, allowing strain-induced changes in nanosheet resistance to 

yield changes in composite resistance. 

For this hypothesis to be true, enough stress must be transferred from polymer to nanosheet to 

stretch the nanosheets. As mentioned above, the reasonably-high measured reinforcement 

indicates this to be possible. To test for transfer of applied strain to the MoS2 nanosheets, we 

performed Raman spectroscopy as a function of strain applied to the composite as a whole. We 

found both the 
1

2gE  and A1g bands to downshift as a result of the applied strain. This is a clear 

sign that the MoS2 nanosheets themselves are being stretched with the nanocomposite film. 

The in-plane vibrational 
1

2gE  mode with a wavenumber of ~ 380 cm-1, has a shift rate of about 

−0.7 cm-1/%. Although this value is lower than reported values of −1 cm-1/%,59 one needs to 

bear in mind that the reported values were from more ‘ideal’ specimen of either mechanically 

exfoliated flakes or CVD-grown flakes which are larger, thinner and aligned in the plane of 

strain. From previous experience with graphene, it is not surprising that the smaller, thicker 

and randomly-oriented few-layer MoS2 flakes used in this work have lower absolute shift rates. 

In contrast, the shift rate of the out-of-plane A1g mode is −0.96 cm-1/%, only slightly lower than 

the values reported for few-layer flakes,59 presumably because the shift rate of this mode is less 

sensitive to flake size. It should also be pointed out that the linearity between the Raman bands 

position and the strain only holds until ~ 0.5% strain. After that it flattens, indicating a lower 

interfacial stress transfer efficiency.  
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The confirmation that strain can be transferred to the MoS2 nanosheets, makes it likely that the 

observed negative composite gauge factor is associated with stretching of the nanosheets 

themselves. Because the initial resistance decrease is followed by an increase at high strain, a 

physical model is needed to fully describe the system. Here we develop such a model. 

Modelling Composite Piezoresistance 

We begin by noting that the conductivity any network of nanosheets, whether a solution-

deposited porous network or a network embedded in a polymer matrix, depends effectively on 

four factors: the intrinsic nanosheet resistance, the inter-nanosheet junction resistance, the 

network structure and the nanosheet dimensions. While a full description of the electrical 

properties of networks is complicated,60 we have argued that the network resistivity can be 

approximately described by (see ref2, supporting information): 

( ) /NS J NSR R l = +          (5) 

where RNS and RJ are the nanosheet and junction resistance, lNS is the nanosheet length and  

incorporates all effects of the network structure. This simple model is based on the idea that 

every time a charge carrier passes through a nanosheet, it must also traverse an inter-nanosheet 

junction. In addition, the factor of lNS incorporates the minimum number of nanosheets per 

conductive path (i.e. L/lNS, where L is the sample length). In general, RNS and RJ, and so , will 

all depend on applied strain. We note that equations 4 and 5 must be closely related. Because 

equation 4 describes the -dependence of the conductivity, one of the terms in equation 5 must 

also display -dependence. Because  is a measure of the nanosheet network structure, this 

parameter must be -dependent. As a result, the simplest way to rationalise equation 5 with 

equation 4 is to write ( )
n

c  
−

 − . 

Then, equation 1a can be modified to represent the nanosheet: 
,0 ,0( )NS NS NS NSR R G R = + , 

where GNS is the intrinsic gauge factor of the nanosheet and the subscript zero represents zero-

strain. Assuming isostrain (i.e. the strain in the nanosheet is equal to the applied strain which 

is a basic assumption in most simple models of composite mechanics, e.g. the rule of 

mixtures61), we can write: 

( ),0( ) 1 ( ) /NS NS J NSR G R l     = + +        (6) 

where ,0NSR is the zero-strain nanosheet resistance. 
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In addition, we note that for any incompressible material the fractional resistance change in 

response to strain is found by combining equations 1a and 1b and taking  = 0.5: 

0 0

1 d
2

d

R

R




 

 
= + 
 

         (7) 

Combining equations 6 and 7 yields 

,0

0 ,0 ,0

(d / d ) /
2

1 /

NS J NS

J NS

G R RR

R R R




 +
= + 

+  

       (8) 

where RJ,0 is the zero-strain junction resistance. 

This is a general equation which describes the electromechanical response of a network. It 

contains three terms representing (from left to right) the effect of strain on the resistance of the 

filler particles, the junction resistance and the geometry of the composite as a whole. 

To quantify the second term, we initially used two pre-existing models, based on tunnelling28 

and dynamic network connectivity2 to estimate d / dJR  . In both cases, we obtained an 

equation that matches experimental data qualitatively (i.e. yielding an initial decrease in R/R0, 

followed by an increase at higher strain). However, we note that the strain-dependence of 

conductivity/resistivity in composites is quite complicated; including contributions from 

tunnelling, network connectivity as well as orientation effects. Thus, we decided to take an 

empirical approach to identify a function to approximately represent the dependence of RJ on 

strain without specifying any particular mechanism. To do this, we prepared a PEO-graphene 

composite, which should display no negative piezoresistance, and whose strain-dependent 

resistance should be controlled by the same factors controlling the high-strain behaviour in 

these PEO-MoS2 composites. We measured the strain dependent resistance (see SI), finding 

behaviour which was consistent with equation 8, combined with the following empirical 

function: 

1

d

d

JR k

  
=

+
          (9) 

where k and 1 are constants. It must be emphasised that equation 9 can only be considered 

strictly true for PEO-based composites. For other matrices, it would be necessary to identify a 

suitable function in a manner described above. We note that the integral of this particular 

expression is approximately given by 2

1~ / (2 )JR k  + .  
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Combining these equations yields a semi-empirical model that describes the strain dependence 

of the composite resistance: 

1

0 ,0 ,0

/ ( )
2

1 /

NS

J NS

G aR

R R R

  


 + +
= + 

+  

       (10) 

where 
,0/ NSa k R= is a constant. This equation has been found to fit very well to all 

experimental 0/R R  vs.  data as shown (solid lines) in figure 3A. It is worth noting that the 

obtainable fit parameters (other than those representing the low-strain slope) are not of 

significant interest here. The value of this equation lies in its ability to demonstrate that the 

data can be explained by a combination of strain-induced deformation of the nanosheets (at 

low strain) coupled with strain-induced modification of the junction resistance (dominant at 

high strain). 

Most importantly, once we accept the validity of equation 10, we can use it to analyse the 

composite gauge factor data. By definition, the gauge factor is measured at low strain. Taking 

the limit of equation 10 at low strain yields  

0 ,0 ,0

2
1 /

NS

J NS

GR

R R R


 
= + 

+  

        (11) 

which is equivalent to writing 

,0 ,0

2
1 /

NS

J NS

G
G

R R
= +

+
        (12) 

Assuming GNS is constant, this equation implies that the volume fraction dependence of G 

shown in figure 3B is associated with variation of 
,0 ,0/J NSR R  with . Assuming that GNS = 

−50,24 we can use this equation to calculate 
,0 ,0/J NSR R , which we plot versus  in figure 3F. 

There are two things to note. First, the nanosheet resistance is similar to the junction resistance 

in all cases. This justifies our initial assumption that the junction resistance is not the sole 

effective limiting factor in the composite electrical properties. Secondly, the variation in 

,0 ,0/J NSR R  with  implies the network structure changes slightly with nanosheet loading. 

However, the increase in ,0JR  with  at low loading levels is not in agreement with tunnelling 

models,28 which would predict the inter-particle separation, and hence ,0JR , to fall with . 

However, we note that tunnelling models can only describe some of the effects contributing to 
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strain dependent conductivity changes in composites. In addition to changes in tunnelling 

probability, we would expect changes in network connectivity and nanosheet orientation-

distribution effects as strain is applied. We suggest that it is this combination of various factors 

which results in these counter-intuitive results. Secondly, it is interesting that the data shows a 

peak in ,0JR  to occur at   0.5%, very close to the loading level where aggregation starts to 

occur (figure 2D), indicating that the network structure is dependent on the aggregation state. 

This near parity between nanosheet and junction resistance allows us to roughly predict the 

junction resistance by estimating the nanosheet resistance. Previously,51 the mobility of an 

MoS2 nanosheet network was measured to be ~0.15 cm2/Vs. Combining this with the 

conductivity of a PEO-doped nanosheet network, taken from 0 = 1.73 mS/m, allows us to 

estimate the carrier density in the nanosheets used here to be ~41020 m-3. Ref 51 also measured 

the intrinsic nanosheet mobility to be ~50 cm2/Vs. Assuming the carrier density of an individual 

nanosheet to be similar to the network allows us to estimate the nanosheet conductivity to be 

NS~0.5 S/m. Modelling the nanosheets as squares with thickness tNS gives a nanosheet 

resistance of 
1

,0 / ( ) ( )NS NS NS NS NS NS NSR l l t t  −= = . Using the estimated value of NS and the 

measured nanosheet thickness (~5.5 nm) yields ,0NSR ~400 M. Because of the similarity 

between nanosheet and junction resistances mentioned above, this implies the inter-MoS2 

nanosheet junction resistance to be of a similar order. It is reasonable to believe that junction 

resistances of this magnitude may also apply to other 2D materials. It is worth noting that these 

junction resistances are considerably larger than values of ~M reported for nanotube-

nanotube junctions,58 probably due to trapping of polymer between nanosheets.  

Negative gauge factors in composites of PEO and other 2D materials 

If the junction resistance is roughly invariant with nanoheet type, it implies that other, more 

conductive 2D materials should yield less negative composite gauge factors even if the intrinsic 

gauge factors were approaching that for MoS2 (i.e. −50). The reason for this is that, if the 

nanosheet conductivity increases without significant changes to the junction resistance, this 

will lead to a scenario where ,0 ,0J NSR R  so that changes to ,0NSR  under strain have very little 

effect on the composite resistance.  

To test this, we prepared PEO composites filled with nanosheets of WS2, MoSe2 and WSe2, as 

well as graphene for comparison, all at the same nanosheet volume fraction of 0.12 vol%. As 

shown previously, the intrinsic conductivity of these TMDs varies significantly because of 
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differences in their bandgaps.50 We performed resistance-strain measurements (figure 4A), 

extracting both conductivity and gauge factor for the composites. In addition, we note that the 

data can be well-fit by equation 10. As shown in figure 4B, we find the gauge factor to become 

less negative as the composite conductivity increases. In addition, we find the graphene-based 

composite to have a positive gauge factor as expected.62  

We can understand this in more detail by developing a simple model. First we modify equation 

5 to represent the zero-strain situation (i.e. ( )0 ,0 ,0 / 1/NS J NSR R l  = + = , where  is the 

composite conductivity at zero-strain) and then combine with equation 12 to find a relationship 

between G and  which we can apply to the TMD-based composites (graphene has a different, 

positive value of GNS)62: 

0.12% ,0
2 1

J

NS

NS

R
G G

l

  
= + − 

 
        (13) 

where 
0.12%  indicates the measurements were made for composites of nanosheet volume 

fraction of 0.12%. This equation supports the suggestion made above that, for PEO-based 

composites, more conductive composites have reduced gauge factors simply because lower 

nanosheet resistance increases the relative importance of the junction resistance. Under these 

circumstances, strain-induced changes to nanosheet resistance have limited effect on the 

overall composite resistance.  

Negative G strain sensors 

The electromechanical response shown in figure 3A means these composites can be used as 

strain sensors. For most of the composites, the R- curves were approximately linear up to at 

least 5% strain (figure 3D), making these sensors appropriate for low-strain sensing. To 

demonstrate this, we applied sinusoidal strains varying from Min = 0.5% to Max = 2% with 

frequencies of 0.1, 0.5 and 1 Hz as shown in figure 5 A-C (top row). In each case, the resultant 

resistance trace followed a roughly harmonic response that was out-of-phase with the applied 

strain (see figure 5A-C lower panels). This is what is expected for a negative G material and is 

in contrast with typical composite strain sensors which show resistance traces that are in-phase 

with the applied stain.  

To demonstrate the consistency of the data, we show Fourier transforms calculated from the 

entire duration of the resistance traces in figure 5 D-F (durations: 100 s for 0.1 Hz, 200 s for 

0.5 Hz and 50 s for 1 Hz). In all cases, a clear peak is observed superimposed on a 1/f 
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background. As illustrated by the arrows, the main peaks are at the expected frequencies of 0.1, 

0.5 and 1 Hz.  

CONCLUSIONS 

In summary, we prepared composites of the polymer PEO and liquid-exfoliated MoS2 

nanosheets. We found the polymer to dope the nanosheets, increasing their conductivity and 

resulting in composites which were more conductive than might have been expected. 

Nanosheet addition also resulted in composite reinforcement, with stiffness more than doubling 

at ~0.5 vol.-% MoS2, indicative of good polymer-nanosheet stress transfer. As a direct result 

of this stress transfer, applying strain to the composite results in straining of the nanosheets 

themselves. Because of the negative gauge factor of MoS2 itself, this resulted in a reduction in 

nanosheet, and so composite, resistance at low strain. In addition, we observed a resistance 

increase above the yield strain, which we attribute to a mechanism such as tunnelling. We have 

developed a simple model which describes the data. Among other things this model predicts 

the composite gauge factor (measured at low strain) to be smaller for composites filled with 

semiconducting nanosheets of higher conductivity and by comparing the piezorestance 

performance of PEO filled with MoS2, WS2, MoSe2 and WSe2 we observed such behaviour. 

Finally, we demonstrate that such composites can be used as dynamic strain sensors, measuring 

low-strain periodic deformations. This work significantly broadens the range of phenomena 

observed in the area of piezoresistive composites. We believe these observations represent 

interesting materials physics combining standard composite physics with the more unusual 

piezoresistive properties of networks.  

 

METHODS 

Materials and Methods 

Polyethylene oxide (PEO, MW: 100000, CAS number: 25322-68-3), Molybdenum disulphide 

(MoS2, 99%, CAS number: 1317-33-5), Tungsten disulphide (WS2, 99%, CAS number: 12138-

09-9), and Sodium cholate hydrate (SC, ≥ 97% dried material, CAS number: 206986-87-0) 

were purchased from Sigma Aldrich. Molybdenum diselenide (MoSe2, 99.9%, CAS number: 

12058-18-3) was purchased from Alfa Aesar, Tungsten diselenide (WSe2, 99.8%, CAS 

number, 12067-46-8) was purchased from Fisher Scientific Ltd and Graphite (Grade: 3763) 

was purchased from Asbury Graphite Mills. Each product was used as received. MoS2, WS2, 

MoSe2, WSe2 and graphene nanosheets were prepared via liquid phase exfoliation. TMDs and 
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graphite powder (20 g/L) were sonicated in water for 1 hour using a solid flathead tip (Sonics 

VX-750) at 60% amplitude with a pulse of 6 s on and 2 s off duty cycle. The dispersion was 

centrifuged for 2 hours at 6000 RPM to separate low-mass impurities into the supernatant using 

a Hettich Mikro 220R centrifuge with a fixed-angle rotor 1016. The supernatant was discarded 

and the sediment re-dispersed in 2 g/L sodium cholate aqueous solution by sonication for 330 

minutes using the same sonic tip settings as previous. Afterwards, large nanosheets were 

selected in the supernatant by centrifuging at 1000 RPM to remove large unexfoliated material 

into the sediment. 

Optical characterisation of nanosheet dispersions was performed in a 4 mm path quartz cuvette 

using a UV-vis spectrophotometer (Perkin Elmer Lambda 650). Raman analyses were 

performed with a Horiba Jobin Yvon LabRAM HR800 (100 objective lens, travel spot size ~ 

1 μm, λ = 532) under ambient conditions. TEM analyses were performed on dispersions using 

a JEOL 2100, operated at 200 kV with holey carbon grids being used as substrates. SEM 

analyses were performed on composite PEO/MoS2 films using a SEM Carl Zeiss Ultra 

operating at 2 kV.  

A Veeco Nanoscope-IIIa system (Digital Instruments) was used in tapping mode AFM 

measurements. Samples were prepared by drop casting 15 μL of diluted dispersion (O.D. 

approx. 0.4) onto a preheated, cleaned Si/SiO2 (285 mn oxide layer) at 180°C. Wafers were 

washed with water to remove excess surfactant. Individually nanosheets were then analysed 

using previously established length corrections for pixilation effects and tip broadening.41 Step 

height analysis was used to convert the apparent thickness of nanosheets to the number of layers 

using a step height of 1.9 nm.41 The nanosheet thickness was then found by multiplying the 

number of monolayers per nanosheet by 0.6 nm. 

Film preparation 

Polymer-nanosheet composite films with various mass fractions were prepared. Specific 

volumes of nanosheet dispersions were mixed with PEO powder. Water was added, keeping 

the total volume constant (15 mL), and the dispersion nanosheet-polymer was poured into a 

Petri dish and dried overnight at 50 °C. The films obtained appeared uniform to the eye. 

Electromechanical Testing 

Composite films were cut and uniform strips were obtained (width = 2.25 mm; thickness ~ 70 

μm each strip). The strips were attached to the clamps of the tensile tester at a distance of 9.73 

mm apart. Simultaneously, the clamps were connected to a source meter for electrical 
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measurements. Electrical analysis on composites films were executed using a Keithley KE2601 

source meter using a 2-probe configuration to measure DC current under typical applied 

voltages of 40V. All measurements were made in ambient conditions. Electromechanical 

measurements were performed using the Keithley KE2601 source meter in conjunction with a 

Zwick Z0.5 Pro-Line Tensile Tester (100 N Load Cell) controlled using labview software. For 

all samples made, zero-strain conductivity was measured before measuring the tensile strain. 

Afterwards, the samples were strained (10 mm/min speed test) and both stress and resistance 

of the samples were recorded. From the stress-strain curves it was possible to evaluate the 

Young’s moduli using TestXpert software. Using R-ε curves, it was possible to plot ΔR/R0 

versus strain and by evaluating the slope of the graph G values were extrapolated. A sine wave 

simulation program was used in order to execute cyclic tests on 0.5 wt.-% PEO/MoS2 films. 

The dynamic strain profile was obtained performing the test at 3 different frequencies (0.1, 0.5 

and 1 Hz) at a gauge length of 9.73 mm for 500 cycles. A minimum number of 7 tests per 

sample was performed then the average and standard deviation was calculated using Origin 

software.  

In-situ Raman deformation test 

The specimen was prepared by drop casting the 0.5 wt.-% MoS2/PEO mixture solution onto 

PMMA beam and left to dry. Prior to the deposition, the PMMA beams were UV treated to 

improve adhesion. The PMMA beam with the MoS2/PEO nanocomposite film on top was 

placed on the microscope stage of Raman spectrometer (LabRAM HR Evolution, Horiba) 

equipped with laser (λ = 488 nm). The sample was deformed step-wise using a four-point 

bending rig with the strain measured by a strain gauge next to the film.63 

 

SUPPORTING INFORMATION: The Supporting Information is available free of charge on 

the ACS Publications website: detailed analysis of nanosheet dispersions; information on 

electromechanical data; Identification of function relating RJ to . 
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Figure 1: Characterisation of liquid exfoliated nanosheets. A) Inset: Photograph of dispersion 

of MoS2 nanosheets. Main panel: Optical extinction, scattering and absorption spectra, 

measured on a dispersion of liquid exfoliated MoS2 nanosheets. B) Raman spectrum (532 nm) 

measured on a film of MoS2 nanosheets. C) Representative TEM image showing liquid 

exfoliated MoS2 nanosheets. D) Nanosheet length (longest dimension) histogram, measured 

from TEM images (200 counts). E) Representative AFM image of liquid exfoliated MoS2 

nanosheets deposited on Si/SiO2. F) Nanosheet length and thickness (inset) histograms, 

measured from AFM images (155 counts). 
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Figure 2: Basic characterisation of MoS2/PEO composites. A) Photograph of PEO (left) and 

MoS2/PEO films having dried in petri dishes. B) Raman spectra measured on a PEO film and 

MoS2/PEO composite films with Mf = 1.5 and 5 wt.-%. Also shown is the spectrum associated 

with an MoS2-only film. The inset shows PEO modes are also observed in the composite films. 

C) Representative stress-strain curves for selected MoS2/PEO composites. D) Young’s 

modulus plotted versus MoS2 volume fraction for MoS2/PEO composites. Each datum is an 

average of 6-11 individual measurements. The top axis shows the approximate mass fraction. 

The line is a fit to shear lag theory (eq 2&3). E) Conductivity plotted versus MoS2 volume 

fraction for MoS2/PEO composites. The line is a fit to percolation theory (eq 4). Inset: 

Conductivity of an MoS2-only network before (0 droplets) and after depositing 1, 2 and 3 

droplets of PEO dissolved in water.  
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Figure 3: Electromechanical properties of MoS2/PEO composites. A) Representative curves 

showing fractional resistance change as a function of applied tensile strain. The lines are fits to 

equation 10. B) Gauge factor extracted from curves such as those in A (i.e. slope at low strain). 

The data represent mean and standard error calculated from > 6 independent measurements. C) 

Typical stress-strain (top) and resistance-strain (bottom) curves measured for plotted 

MoS2/PEO composites (here Mf = 0.5%). The arrows define the maximum and minimum points 

as plotted in D. D) Strain associated with resistance minimum plotted versus the strain 

associated with the stress maximum (i.e. the yield strain) for all MoS2/PEO composites (see C 

for definition). E) The Raman band position of E
1 
2g and A1g bands as the function of strain. 

The measurement is the average from 7 measurements, and the error bars represent the standard 

error of the mean. F) Ratio of zero-strain junction resistance to zero-strain nanosheet resistance 

calculated using eq 12 and plotted versus . The error bars combine the error in G with an 

assumption that the error in GNS is 10. 
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figure 4: A) Representative resistance-strain curves for composites of PEO filled with 4 

different types of TMD nanosheet as well as graphene (all at  = 0.12vol%). The lines are fits 

to equation 10. B) Gauge factors for the composites shown in A, plotted versus measured 

composite conductivity. Each point is an average over >5 measurements. The colour coding 

used in B also applied to A. 
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Figure 5: Dynamic strain sensing with MoS2/PEO composites (Mf = 0.5 wt.-%). The top row 

shows dynamic strain profiles oscillating at three different frequencies: A) 0.1 Hz, B) 0.5 Hz 

and C) 1 Hz. The bottom row shows the resultant resistance response. D-F) Fourier transforms 

for the R-t curves in A-C. The arrows indicate the main peak with the other peaks representing 

harmonics. 
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