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Abstract: 13 

One of the major limitations of flexible sensors is the loss of conductivity by multiple stretching 14 

and bending. Conducting fillers with two different geometries, carbon black and carbon 15 

nanotubes, were introduced in polydimethylsiloxane (PDMS) for physical insights into the 16 

structure formation of nanofillers by application of periodic tensile stress. The loading of 17 

nanofillers was selected beyond the percolation threshold to determine the cyclic stability of 18 

the resulting network channels. The surface chemistry of carbon nanotubes has been varied to 19 

understand the interfacial interactions at length scale.  The combination of in-situ stretching, 20 

annealing, and vis-à-vis conductometry of nanocomposite films with synchrotron- based ultra-21 

small angle X-ray scattering experiments, enable us to highlight the importance of fractal 22 

dimensions of nanofillers for the molecular level interactions. The irreversible formation of 23 

nanofiller network geometries under cyclic stress and annealing were found to be responsible 24 

for electrical properties of flexible conducting film.  25 
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The development of stretchable conducting materials with high cyclic stability is one of the 31 

challenges in materials science and engineering when fabricating flexible wearable sensors.1,2 32 

Elastic conductors enable the physiological sensors to be printed on any arbitrary locations and 33 

any substrate geometry.  This is an important step towards producing intelligent surfaces for 34 

human-machine interfaces.3,4 Printable physiological sensors on human skin or textile surface 35 

have huge application potential in healthcare, energy as well as strategic areas and has been an 36 

intense research topic across the world.5,6 The conducting nanofillers produce interpenetrating 37 

network structures to make the elastomeric matrix conducting whereas the chemistry of 38 

nanomaterial decides the cyclic stabilities of the conduction channels upon stretching/bending.7  39 

The challenges and opportunities of producing conduction channels with carbon black have 40 

been studied in detail to achieve their percolation thresholds. However, it has been reported that      41 

a nanomaterial loading way beyond the percolation threshold is required for generating robust 42 

conduction networks during high degree of sustained applied stress.8-10 The chemical and 43 

rheological properties of conducting particles and elastomers have been the key design criteria 44 
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for printing inks to optimize the screen printing’s fluid dynamics and sustained conductivity 45 

with strain. Carbon based nanofillers have greater application potential than metals for making 46 

high performance inks due to their lower price, better flexibility and lower percolation threshold 47 

where the ink’s effectiveness is primarily limited by high particle agglomeration due to particle-48 

particle interactions.11-13 However, there are still opportunities remaining to improve the ink 49 

formulation addressing the challenges of nanofillers dispersion, ink rheology and 50 

interpenetrating network patterns formation under cyclic stress.   51 

We have extended our study beyond the filler percolation threshold to examine the role of 52 

particle-particle and particle-matrix interactions on the viscoelastic properties of 53 

nanocomposites.14 We have observed the reduction of conductivity in successive stretching and 54 

release of stress in carbon nanoparticles based PDMS film even at a higher filler loading beyond 55 

the percolation threshold (Figure 1(a)). To understand the correlation between structure 56 

formation and conductivity of carbon black nanocomposite by the application of stress, a 57 

combined synchrotron based ultra-small angle X-ray scattering (USAXS) and in-situ 58 

conductivity measurements during mechanical stretching in a controlled way have been carried 59 

out. USAXS is a non-destructive method to characterize structures with dimensions from a few 60 

microns to nanometre length scales. 61 

62 

Figure 1: The resistance values (a) of PDMS nanocomposite films with 18 wt% (black) and 25 63 

wt% (red) of carbon black (CB) where figure (b) and (c) represent the small angle scattering 64 

data for 0% (black) and 30% (green) stretched films of 18 and 25 weight fractions CB samples.  65 
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It has been reported that the agglomeration of basic filler particles in polymer matrix generates 66 

aggregates with wide size distributions.15 Further, these aggregates act as the basic units for the 67 

formation of larger sized agglomerates and in this way, the structures with different length 68 

scales have been formed.16-17 In order to describe such a system with different hierarchical 69 

levels, the concept of fractals dimensions has been introduced.  Mass fractal dimension dm, 70 

which denotes branching of the clusters can be defined in terms of radius of gyration rg as 71 

    𝑁 ∝ (
𝑟𝑔

𝑑
)

𝑑𝑚
      ------ (1) 72 

where N denotes the number of primary particles per aggregates and d denotes primary particle 73 

diameter. A low value of dm corresponds to the minimum branched structure. The Monte Carlo 74 

simulation studies have carried out to highlight that rg is a key factor in determining the 75 

percolation threshold in case of conducting carbon black.16 It has been reported that the 76 

percolation threshold decreases with increasing values of radius of gyration which indicates 77 

larger sized clusters cause lower percolation threshold values. The scattering from fractal 78 

structures follows the power law decay of scattering intensity with the wave vector, and it can 79 

be further sub-divided into scattering from different length scale.16,18 One can write the scattered 80 

intensity from mass fractal of size smaller than Rm as  81 

     𝐼 ∝ (
𝑅𝑚

𝑞
)

𝑑𝑚
              ------ (2) 82 

For a linear object, the value of dm is 1, and for a homogeneous sphere it is considered as 3. 83 

Since in our case, the scattering from all hierarchical levels is exhibiting a decay exponent close 84 

to -3, we have thus multiplied our scattering intensities I by q3 to emphasis scattering from 85 

different length scale structures. Figure 1(b) & figure 1(c) represent the in situ USAXS data of 86 

PDMS nanocomposite films under mechanical stretching with different CB weight percentages. 87 

We report strains of 0% and 30% in USAXS for the two different weight fractions of 18% 88 

(percolation threshold) and 25% of CB in the PDMS matrix, far above the percolation 89 

threshold.14 The three different regimes have been identified in the figure, viz, smaller wave 90 
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vector regime with positive slope (region I) which represents aggregate mass fractal. The 91 

regime of negative slope (middle part, region II) corresponds to the surface fractal of primary 92 

particles, whereas larger wave vector regime (region III) has been assigned to internal structure 93 

of primary particles.16 94 

The scattering at region II part (Figure 1(b), q range 0.05-0.15 nm-1) is corresponding to 95 

structures with length scale roughly between 41 nm to 136 nm, which agrees well with the size 96 

of primary carbon black particles.16,19 In the case of CB above the percolation threshold, both 97 

region II and region III are not varying significantly with stretching. It indicates that almost no 98 

variation in primary particle dimension and internal structure of particles with stretching. 99 

However, a clear variation in slope has been observed in Region I with stretching where the 100 

slope corresponding to a higher percentage of stretching is getting less steep as compared to the 101 

unstretched stage. We have observed the systematic decrease in slope with increased degree of 102 

stretching which indicates an increase in the fractal dimension. It may not be feasible to 103 

quantitatively evaluate the fractal dimension due to high polydispersity of the agglomerates. In 104 

both 18% and 25% CB samples, the resistance of the nanocomposite increases systematically 105 

with increasing percentage of stretching. At the same time, the volume fractal dimension of 106 

agglomerates also exhibits a systematic increase, as evidenced by a decrease in the slope of the 107 

curve in region I. The conductivity of 25% CB sample is found to be significantly higher as 108 

compared to the 18% CB which can be explained by the increase in slope with enhanced CB 109 

contents at region I. No change in slope is observed at region II and region III with increase in 110 

CB contents, however, the q range of region II differs with higher weight percentages of CB.   111 
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 112 

Figure 2. (a) represents the comparative USAXS data of PDMS films with 18 weight 113 

percentages of untreated MWCNTs (black), MWCNTs mixed with ionic liquid (blue) and 114 

nanotubes treated with acids (red). (b) and (c) are illustrating the scattering data for 0% (black) 115 

and 30% (green) stretched films of 18 and 25 weight fractions acid treated MWCNTs samples 116 

where the in-situ change in resistance of the film as a function of stretching is shown in the 117 

inset of the graph. The corresponding TEM images of the same lower (d) and higher (e) weight 118 

percentage cryo-ultramicrotomed nanotube samples were represented.   119 

It has been reported that percolation threshold can be achieved at much lower loading with high 120 

aspect ratio nanofillers like carbon nanotubes.8,20   We thus extended our study to 1D nanofillers 121 

filler like carbon nanotube, which has been considered as flexible rod like geometry.21 It has 122 

been established that conducting properties beyond the percolation threshold of 1D nanofillers 123 

reinforced composites follows the similar trend as 0D fillers which may be explained by Doi-124 

Edwards model of reptation of rod-like particle system.22 A marginal reduction in the resistance 125 

was found when the MWCNT loading were increased from 18 to 25 weight percentages and 126 

contrary to carbon black the change in resistance by stretching was found to be much more 127 

significant at higher loading in 1D nanofillers. The TEM images (Figure 2) indicates that 128 
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untreated-MWCNTs are difficult to disperse in PDMS at higher loading which helps the growth 129 

of primary and secondary aggregates in polymer matrix composite. The cryo ultramicrotomy 130 

using Leica EM FC6 instrument of TEM samples at -1800C which is below the glass transition 131 

temperature of PDMS, ensured the retention of microstructural information in TEM study. 132 

We have varied the surface chemistry of pristine MWCNTs by covalent functionalization (acid 133 

functionalized CNT)23 and non-covalent functionalization (ionic liquid coated CNTs) to 134 

understand the cluster formation mechanism as a function of intramolecular interactions of 135 

CNT clusters and interfacial interactions with polymer matrix. USAXS scattering profile of  136 

I×q3 vs q for CNTs of same weight percentage with different functionalized surfaces are shown 137 

in figure 2(a).  It is to be noted that, when we compare q values corresponding to the crossover 138 

point between region I and region II for pristine and acid functionalized nanocomposite 139 

samples, one could see a clear shift towards lower q values for acid functionalized ones. This 140 

indicates variation in aggregates and agglomerates size due to functionalization which is 141 

evident from TEM images at different weight fractions of nanofillers loading [Figure. 2]. The 142 

regimes of the scattering graph have unique power law fits where the exponents (slopes) are the 143 

characteristic of scatterer’s dimension, which can be obtained from the corresponding q values. 144 

The different regions of scattering vector were attributed to the different mass fractals of the 145 

nanofillers which have been discussed in detailed in the previous report16. The change in slope 146 

is distinct in the region I of the scattering plot and thus the change in slopes in that region have 147 

been quantified and tabulated in Table 1.    148 

Table 1. The slope of the curves in region I of the scattering curve which are the indicative of 149 

fractal dimension, has been obtained through the apparent linear fitting. The linear fit has been 150 

carried out in the characteristic region where the curve possesses considerable linearity (lesser 151 

error). The obtained values of the slopes are as tabulated. 152 

  153 
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 154 

In region II of figure 2(a), the q range for pristine CNTs is 0.15 nm-1 to 0.21 nm-1 which 155 

corresponds to primary particle sizes of 42 nm to 29 nm, while for acid functionalized CNTs, 156 

it is 0.08 nm-1 to 0.21 nm-1, corresponding to size range of 79 nm to 30 nm. Thus, the mean 157 

value of the size distribution of aggregates and agglomerates are found to be larger for acid 158 

functionalized samples as compared to pristine and ionic liquid ones. This could be explained 159 

in terms of variation in nanotube length upon acid functionalization along with the attribution 160 

of intermolecular interactions between individual functionalized nanotubes and this could be 161 

responsible for the differential cluster formations in polymeric matrix.24 The scattering intensity 162 

at very low q regime is also high for acid functionalized CNT samples.  The slope of the region 163 

I of the graph is found to be decreasing with different surface treated nanotube samples which 164 

were determined from the linear fitting of the slope (Table 1). In the case of acid functionalized 165 

CNT samples, the slope has been changed drastically as compared to the pristine and the ionic 166 

liquid-based samples, indicating the increase in fractal dimensions. By comparing the different 167 

surface treated MWCNTs, we can conclude that fractal dimension of CNT aggregates is lowest 168 

    Figure number      Strain (%)  Slope      % Change in slope 

   1b 0 0.5236         2.29 

30 0.5116 

   1c 0 0.6200         2.47 

30 0.6047 

   2b 0 0.5412         2.03 

30 0.5302 

   2c 0 0.5761         2.04 

30 0.5643 

   3a 0 0.5679         2.75 

30 0.5523 

    3b 0 0.4429         1.69 

30 0.4354 
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when CNT surface is not passivated which can be understood by the π- π interactions with 169 

PDMS chains with further ramified the fractal dimension of unmodified CNT in PDMS 170 

matrix.25 It is to be noted that at 18 wt% both covalent and non-covalent modified CNTs are 171 

much below their percolation thresholds.  172 

173 

Figure 3: (a) and (b) are exhibiting the USAXS data for 0% (black) and 30% (green) stretched 174 

films of 30 wt% acid treated MWCNTs samples and MWCNT mixed with ionic liquid 175 

respectively where the in-situ change in resistance of the film as a function of stretching is 176 

shown in the inset of the graph. 177 

In-situ USAXS studies have then been carried out during stretching of pristine CNT samples 178 

with two different weight percentages 18% and 25% in PDMS matrix and are shown in figure 179 

2(b) and 2(c) respectively. Resistance of the films were measured simultaneously during 180 

stretching and are shown in the insets of figure 2(b) and 2(c) for respective weight fraction of 181 

samples. In both cases, resistance is found to be increasing with increasing percentage of 182 

stretching as similar to CB samples. The lower q regime of I×q3 vs q scattering data shows a 183 

decrease in slope (Table 1) with increasing stretching which indicates the variation in fractal 184 

dimensions of aggregates and agglomerates. It supports our earlier observation that fractal 185 

dimension is increasing with stretching. No pronounced variation in slope is observed with 186 

stretching in the region II corresponding to primary particle dimensions. Similar to CB samples, 187 



Page 10 of 20 
 

high polydispersity of aggregates in CNT systems prevents us from calculating quantitative 188 

estimation of fractal dimensions at different length scales. I×q3 vs q plot corresponding to in-189 

situ USAXS measurements during stretching for acid functionalized systems are shown in 190 

figure 3(a) and 3(b). The conductivity data have been placed in the insets of figure 3(a) and 3(b) 191 

which were measured simultaneously during mechanical stretching. We have observed a 192 

similar tendency of decrease in slope which is evident from the linear fit of the slope (Table 1) 193 

at low q regime of the curve I×q3 vs q and reduction of conductivity with increasing stretching 194 

as well.  195 

196 

Figure 4: (a) represents the SAXS scattering data for in-situ annealed PDMS film with 25 197 

weight percentages of untreated nanotubes at room temperature (black), 100 (red) and 1500C 198 

(blue) respectively where Figure (b) is illustrating the scattering intensity of the same film at 199 

1000C as a function of time for every 0.5 seconds for 180 seconds. 200 

Furthermore, the role of annealing on conductivity and its correlation with structural changes 201 

of nanofillers aggregates have been studied. The provision of in-situ heating the film during the 202 

measurement of conductivity and USAXS scattering intensity have been made and figure 4(a) 203 

shows a comparative scattering profile as a function of temperature using the MWCNT sample 204 

of above the percolation threshold. The figure 4(b) is representing the in-situ USAXS data of 205 
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the same CNT sample at 100°C as a function of time.  The conductivity of the film has been 206 

found to be increasing systematically with annealing temperature which was then remained 207 

constant at a particular temperature for the longer time intervals and is tabulated in Table 2. The 208 

resistance values of 3.64, 3.45, 3.33 and 3.13 kΩ were recorded at the temperature of 50°, 70°, 209 

80° and 100°C, the similar type of increase in conductivity with annealing were also reported 210 

earlier in polymer/ CNT composite systems.26-27 This increase in conductivity can be explained 211 

in terms of reorganization of network structure of nanofillers at high temperature by the 212 

construction of multiple contact regions in nanotubes separated by polymeric chains.28 To 213 

obtain further insight into the structure formation of nanotubes as a function of temperature, the 214 

region I of I×q3 vs q plot of USAXS scattering has been studied. It was found that the slope of 215 

the curve [Figure 4(a)] has become steeper with the increase of temperature which indicates the 216 

decrease in fractal dimensions and the formation of more agglomerates in the matrix. In case of 217 

figure 4(b), one could not observe any significant change in scattering profiles measured at 218 

100°C for different time intervals. The negligible change in scattering profile as a function of 219 

time confirms no change in fractal dimension, and the size of primary and internal structure of 220 

particles are constant with time after reaching a particular temperature. The comparison of 221 

change of conductivity with temperature [Figure 4(a)] and as a function time at constant 222 

temperature [Figure 4(b)] indicates that the fractal dimensions of nanofillers critically vary with 223 

temperature due to the higher crystalline phases of polymers at higher temperature.29 We have 224 

established a clear correlation between conductivity and fractal dimension of nanofillers in the 225 

polymer matrix as function of external stimuli like shear stress and temperature. 226 

  227 
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Table 2. The resistances of the PDMS film with 25 wt% of untreated nanotubes at different 228 

temperatures indicating the increase in conductivity with temperature. 229 

Temperature (℃) Resistance (in kΩ) Percentage of error 

50 3.64 0.10 

70 3.45 0.05 

80 3.33 0.10 

100 3.13 0.153 

 230 

It is interesting to establish that the change in resistance of both 0D CB and 1D CNT based 231 

nanocomposites films can be directly correlated with the change in the fractal dimension of the 232 

agglomerates. An increase in the mass fractal dimension of the agglomerates has been resulted 233 

in an increase of the resistance for a given concentration of the nanofillers. One may note that 234 

with increasing concentrations of the filler above the percolation threshold, the number of 235 

percolating paths for conduction channels increases and the resistivity would decrease. Thus, 236 

an increase in the percolation threshold upon stretching would result in an increase in the 237 

resistivity. The systematic increment in fractal dimension by stretching in both the dimensions 238 

of carbon nanofillers may also indicate the dissociation of agglomerations size, which can be 239 

attributed for reduced electrical conductivity. We observed that at a high loading beyond the 240 

percolation threshold, CNTs are mainly remained as clusters where the surface chemistry of 241 

nanotubes and interfacial interactions with polymers govern the geometry of fractal 242 

dimensions.22,30 243 

We can conclude from our in-situ stretching, annealing and conductivity measurement studies 244 

that the change in fractal dimensions is the key for change in resistance at cyclic stress of 245 

flexible nanocomposite film. Our studies indicate that irreversible change in electrical 246 

resistance is developed in conducting elastomers due to increase in agglomerate size which 247 
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render the conduction pathways. The metal-like conductivity in polymeric matrices can only be 248 

achieved when the fillers are loaded much above the percolation threshold. It has been 249 

highlighted that the intermolecular particle-particle interactions of filler networks are important 250 

to achieve the long-term cyclic stability of mechanical and conductive properties. Our 251 

experimental set-up to record real time scattering data as the function of stress, temperature and 252 

conductivity for different loading and filler geometries help us to conclude that just increasing 253 

the filler loading beyond the percolation threshold is not enough to get the sustained electrical 254 

conductivity, the concerned efforts of filler-filler and filler-matrix interactions to be considered 255 

for long-term stability.       256 

Experimental Details 257 

Preparation of PDMS nanocomposites 258 

The carbon black acetylene (Alfa Aesar) based PDMS (SYLGARDTM 184 Silicone Elastomer 259 

Kit) nanocomposite films were fabricated by doctor’s blade method as reported earlier31 where 260 

the film thickness was maintained at 500µm. The method for the preparation of MWCNT 261 

(NANOSHEL, NS6130-06-640) reinforced PDMS has been modified for loading high weight 262 

fraction of nanotube in polymer matrix. Nanotubes were first dispersed in the solvent (THF) by 263 

sonication for 30 minutes at 2mg/ml concentration and then PDMS were introduced into the 264 

dispersed medium.32 The PDMS was mixed with the CNTs under stirring and the solvent were 265 

removed by reduced pressure distillation. A few drops of n-decane (Sigma Aldrich) were added 266 

into the CNT ink to reduce the viscosity using vacuum speed mixer and the 500µm of 267 

nanocomposite film were prepared by doctor’s blade method with slow curing. The covalent 268 

functionalization of MWCNTs were followed by our established process23 and for non-covalent 269 

functionalization, ionic liquid [1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonic)] 270 

was used.         271 

  272 
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Combined In-situ Ultra-Small Angle X-ray Scattering (USAXS) and conductivity measurements  273 

In situ USAXS measurements during mechanical stretching in a controlled way were carried 274 

out at P03 beamline of PETRA III storage ring at DESY, Hamburg, Germany.33 The X-ray 275 

energy was 11.8 keV corresponding to the wavelength of 0.105 nm and the beam size was 70 × 276 

53 µm2 (horizontal × vertical dimension). The scattered intensity was measured using a 2D 277 

LAMBDA 750k detector (X-Spectrum, Hamburg, Germany) with a pixel size of 55 µm 278 

positioned at a distance of (9550±1) mm from the sample. Such an ultra-small q range provides 279 

the details about the micro and nano scale structures in the sample. The intensity is obtained as 280 

a function of q which is given as q= 
4𝜋 

𝜆
 sinθ, with λ being the wavelength of the X-rays and θ 281 

being half of the scattering angle.  282 

 283 

Scheme 1. Representation for the combined in situ USAXS and conductivity measurement. 284 

The samples were subjected to a strain of 5, 10, 20 and 30% from their nominal length of 20 285 

mm at a rate of 1 mm/second and SAXS data were recorded for each 0.5 seconds. More 286 

technical details about the mechanical stretching device can be found in Ref 34. To extract the 287 

variation of X-ray scattering intensity as a function of scattering vector q from 2D USAXS 288 

plots, the DPDAK software suite has been used.35 The data were integrated azimuthally at 289 
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different positions from the beam centre on the 2D detector and background subtracted 290 

following known procedures from literature.36 291 

The conductivity measurements have been done simultaneously during the stretching to 292 

understand variation in transport properties under the strain. Schematic of in situ conductivity 293 

along with USAXS during mechanical stretching has been shown in scheme 1. A constant 294 

potential of 20 V was applied along the length of the polymer sample with dimensions 20 × 10 295 

× 1 mm (l × w × t) and measured current using a multimeter (Keithley make).  296 
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