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FINAL TECHNICAL REPORT 

This Final Progress Report summarizes the research conducted during the 12 months of no cost 

extension (NCE) of this grant. The research performed in the first three years of this project was 

described in detail in the three Annual Progress Reports submitted in the past.  

 

1. INTRODUCTION 

Highly compliant materials, such as polydimethylsiloxane (PDMS) [1] and Ecoflex [2], 

have received major attention in the recent years because of their large extensibility, 

outstanding stiffening properties at high stretch ratios, and excellent miscibility with a variety 

of fillers. The versatility in tuning the elastic modulus of PDMS from the kPa to the MPa range 

has enabled numerous possibilities for new devices and applications. The vast majority of 

elastomers are insulators with electrical surface resistivities of the order of 1012 Ω·cm [3]. The 

addition of electrically conductive nanomaterials, such as carbon nanotubes (CNTs) [4], carbon 

black (CB) [3], silver-coated carbon nanofibers [5] and liquid metals [6], has provided the means 

to tune the local and bulk electrical properties of elastomers to the antistatic and conductive 

ranges [3,7], thus, extending their applications to stretchable electronics [8,9], electronics 

packaging [10], strain sensors [11-15], etc. A difference between fibrous and particulate fillers is 

the electrical response of the resulting composites at larger deformations. Entangled networks 

of fibrous fillers (e.g. CNTs) support sustained electrical conductivities at large strains as 

opposed to spheroidal fillers (e.g. CB) [13] that rely on the formation of electrical percolation 

networks, which can be disrupted by the application of finite strains. 

In the case of elastomers whose electrical conductivity is derived from the addition of 

conducting spherical particles, the filler material facilitates current flow either through a 

continuous network of filler particles, or a distribution of filler particles that allows for electron 

tunneling at small interparticle distances. In reality, the macroscopic conductivity is the 

outcome of a combination of the aforementioned mechanisms. Clearly, the first mechanism is 

the most desirable as it leads to repeatable and predictable behavior through an Ohmic 

behavior (linear I-V characteristics), but requires large filler volume fractions. Prior studies have 

shown that the bulk (volumetric) electrical conductivity of elastomers follows Ohmic behavior 

above the threshold for electrical percolation, namely the filler volume (or weight) fraction that 

results in drastically reduced resistivity [13-15]. However, even in electrically percolated 

elastomeric composites, not all conducting sites on the material surface would exhibit Ohmic 

behavior. 

The electrical percolation threshold is smaller than the mechanical or geometric 

percolation thresholds, as a few filler networks are sufficient to form in the matrix to conduct 
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current, while tunneling (that does not require particle contact) can provide a measurable 

contribution to bulk conductivity. The electrical percolation threshold depends on the surface 

energies of the elastomer and the filler, the filler volume fraction and, importantly, the filler 

geometry. Compared to fibrous fillers such as aligned or entangled CNTs with percolation 

thresholds as small as 0.0025 wt% [16], equiaxed nanoparticles such as CB and silver 

nanoparticles [9,17] have much larger percolation thresholds ranging from 3 wt% for a few 

matrices [18] to 15-20 wt% for the majority of matrix materials [17,19]. Yet, while considerably 

larger amounts of CB are required for electrical percolation compared to CNTs, processability 

and cost considerations favor its use in conductive elastomers. Because of these considerations, 

the use of significant volume fractions of CB is common practice in a variety of elastomer 

matrices, such as PDMS for flexible and direct ink write (DIW) electronics, and polyvinylidene 

fluoride (PVDF) for battery electrodes [20]. 

While the bulk conductivity of conductive elastomers has been established both at the 

as-fabricated state and as a function of applied strain [13-15], the micron-scale local 

conductivity and its spatial distribution as a function of mechanical deformation remain elusive. 

The distribution and nature (Ohmic vs. tunneling) of local conductivity sites in a soft matrix are 

important parameters, both for predicting bulk conductivity and for determining the local 

variability of electrical properties in applications with component sizes and geometrical 

features at the submillimeter and the micrometer length scales. At the scale of CB inclusions, 

only contact Atomic Force Microscopy (AFM) can provide the local surface distribution of 

electric current via conductive AFM (C-AFM) imaging [21,22]. The few published studies utilizing 

conductive AFM [23-26] have shown that the conductive sites on the surface of polymeric 

materials are not uniformly Ohmic [24], with no straightforward correlation between local and 

bulk conductivity data. Furthermore, only one C-AFM study has examined the PDMS-CB system 

in the past, with all other studies focusing on as-fabricated unstrained composites. Yet, since 

the purpose of conductive elastomers is to enable the application of large strains, local 

conductivity studies under mechanical deformation are required but currently lacking. 

Mechanical deformation of the elastomeric matrix is expected to modify the conductive 

network of CB particles, hence resulting in microstructural evolution and changes in local 

conductivity, which, in turn, would be reflected in changes in bulk conductivity [13-15].  

In this reporting period, the effect of applied strain on the local and bulk conductivity of 

PDMS-CB composite films was investigated along with local quantitative strain measurements 

with the aid of an AFM and Digital Image Correlation (DIC). This strain measurement 

methodology is based on prior AFOSR-supported research to resolve local deformation fields in 

heterogeneous materials [27-30]. Herein this methodology is extended to the application of 

finite (large) deformations with concurrent recording of local current at the scale of CB 

nanoparticles.  
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2. MATERIALS AND METHODS 

2.a Specimen Fabrication 

The PDMS matrix for this work was fabricated from a SYLGARD 184 silicone elastomer 

kit (Dow Corning, Midland, MI). High electrical conductivity CB with typical particle size <50 nm 

(Imerys C-NERGY SUPER C65, MSE Supplies, Tucson, AZ) served as the filler. CB was 

homogenously dispersed in toluene (Supelco) using a 1:15 CB-to-solvent weight ratio. The 

CB/toluene mixture was agitated with the aid of a homogenizer (OMNI-500 homogenizer, 120V 

125W) for 5 min to induce agglomerate dispersion. The elastomer was then added to the 

mixture that was further agitated at 30,000 rpm for 5 min to obtain a homogenous mixture that 

was placed in a high-vacuum Schlenk for 12 hr at room temperature to evaporate the solvent, 

followed by 6 hr under a fume hood to further reduce the toluene content in the PDMS-CB 

mixture. The curing agent was then added to the CB/PDMS in a 10:1 PDMS:curing agent weight 

ratio and was vigorously hand-mixed. The final mixture was cast in dog-bone and straight beam 

shaped aluminum molds (fabricated via electrical discharge machining) to form 500-μm thick 

tensile specimens with 4 mm gauge length and 1 mm width. The cast specimens were oven-

cured, first for 3 hr at 60 °C, followed by 1 hr at 100 °C. They were allowed to cool for 8 hr 

before removed from the molds. Three types of PDMS-CB specimens with 12 wt% and 20 wt% 

CB were prepared using this methodology. The particular CB weight fractions were selected 

based on literature reports for the same matrix-filler system that demonstrates a percolation 

threshold of 14-15% [14,15]. To limit the effect of contact resistance in electrical 

measurements, the PDMS-CB composites specimen surfaces that were attached to a bias probe 

were sputter-coated (Emscope SC 500) with a 60 nm layer of Au-Pd on the specimen grips or 

the bottom surface of the test specimens whose top surface was imaged with an AFM to obtain 

surface current maps. 

 

2.b Mechanical and Electrical Measurements 

All test specimens were preconditioned for 10 loading-unloading cycles before 

mechanical testing. A miniature apparatus, designed and built in a previous reporting period of 

this project, was employed for in situ mechanical testing while recording bulk and local 

electrical data [31]. The mechanical testing device, Figure 1(a), was designed to apply strains of 

100% or larger. In the present experiments, the ultimate tensile strain of the CB composite 

specimens was almost always less than 100%. This mechanical testing device was utilized with 

an optical microscope for macroscale property measurements, and with an AFM (MFP3D, 

Asylum Research) to simultaneously record contact-AFM topography images and C-AFM data. 

To maintain compactness, the mechanical testing device was operated manually, which is 

sufficient, given the relatively long times (8 min) required to acquire a contact AFM image.  
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In-plane (2D) strain fields were extracted with the aid of DIC from 25×50 µm2 surface 

topography AFM images and from optical images obtained from 1.5×2.00 mm2 specimen areas 

under 50× optical magnification. The freestanding test specimens were attached to the 

apparatus grips with a 5-min two-part epoxy. As shown in Figure 1(a), each grip also served as a 

miniature folded beam loadcell. The force applied to a specimen was measured by monitoring 

the deflection of a pair of folded beams on each grip, serving as flexure loadcells, through an 

optical microscope at 50× optical magnification. During testing under an optical microscope, 

increments of force were applied and optical images of the specimen gauge section and the 

folded beam load cell were acquired. Application of DIC provided the displacement field in the 

specimen and the loadcell opening with subpixel resolution. This force measurement concept 

follows previous designs of MEMS microtools for mechanical testing developed by this group 

[32-35]. The loadcell force constant was calculated from its measured dimensions and also 

directly calibrated with the aid of a commercial low force loadcell as 18 mN/μm. All in situ AFM 

uniaxial tension experiments were conducted with preconditioned specimens. The specimen 

surface roughness served as a natural speckle pattern to carry out full-field strain calculations 

via DIC. Although possible, optical images were not obtained during in situ AFM mechanical 

testing to determine the applied force through the opening of the folded beam loadcell, 

because of the need for continuous repositioning of the testing device under the AFM. All AFM 

images were obtained at a scanning frequency of 1 Hz. 

 

2.c AFM Methodology 

For C-AFM measurements the PDMS-CB specimens were mounted on the apparatus for 

tensile testing with the aid of a two-part epoxy on one side while placing a metal plate on the 

top side of the Au-Pt coated specimen tab to establish electrical connection. A magnet was 

attached to the mechanical testing device to mount a bias wire to the test specimen. This was 

facilitated by the aluminum construction of the apparatus. Prior to mounting the mechanical 

testing device under the AFM, a multimeter was used to verify that the total apparatus and test 

specimen electrical resistance was the same as the specimen resistance.  

Two types of AFM cantilevers for electrical conductivity measurements were tested: The 

first (ElectriMulti75-G, Budget Sensors) contained a rotated tip coated with 5 nm Cr and 25 nm 

Pt, resulting in 25-nm nominal tip radius (75 kHz resonance frequency, 3 N/m nominal force 

constant). The second type of cantilever (PPP-CONTSCPt, Nanosensors) was coated with 25 nm 

Cr and PtIr5 resulting in a nominal tip radius smaller than 25 nm (25 kHz resonance frequency, 

0.2 N/m nominal force constant). A comparison of the surface topography and local current 

distribution on a specimen with 20 wt% CB, as obtained by the two cantilever types showed a 

relatively finer surface topography resolved by the PPP-CONTSCPt probe in a 50×50 µm2 area 

(the contact force was the same for both types of AFM cantilevers), while the surface current 
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maps obtained by the two types of probes were virtually indistinguishable. Because the surface 

topography was utilized for DIC-based strain calculations, the PPP-CONTSCPt probe was 

selected for all imaging in this study.  

While the resolution of surface topography is determined by the cantilever tip radius 

and image pixel size, the resolution of the conductive specimen area is determined by the pixel 

size for CB particles that are equal or smaller than the pixel size. Given that the CB particle size 

was ~50 nm [36] a minimum pixel size of 50 nm is required, which was used in this study. 

Furthermore, the use of an AFM tip with 25 nm radius implies sampling a circle with up to 50 

nm diameter. Since the maximum sampling resolution of the AFM was 1024 pixels per scan line, 

an image area of 50×25 μm2 was selected to avoid under-sampling, roughly corresponding to 

1024×512 pixels. Thus, all AFM images obtained during tensile testing were rectangular (2:1 

aspect ratio) with the long dimension oriented in the direction of specimen extension that 

results in the largest strain. This strategy reduced the AFM imaging time to half.  

Finally, local I-V characteristics were obtained from CB surface particles located in 5×5 

µm2 subsets of the 50×25 µm2 test areas, for a broad range of local current values determined 

through C-AFM. The force applied by the AFM tip to the sample was controlled during C-AFM to 

reduce the electrical contact resistance, and the cantilever force constant was determined by 

the thermal fluctuations method. 

 

3. RESULTS AND DISCUSSION 

3.a Local and Macroscale Mechanical Behavior 

The mechanical response of pure PDMS and PDMS-CB specimens with 12 and 20 wt% 

CB obtained from in situ optical microscopy experiments is shown in Figure 1(b,c). 

Measurements were limited to <100% strain because of composite specimen failure at strains 

of the order of 80%, which is consistent with literature results for PDMS samples with similar CB 

loads [37,38]. For both CB weight fractions, Figures 1(b,c), the first two loading cycles exhibited 

a different mechanical response compared to all subsequent cycles that followed repeatable 

curves. Similarly, the bulk resistance and resistivity along the specimen required a 

preconditioning cycle to obtain consistent resistance measurements, Figures 2(a,b). 

A direct comparison of longitudinal, εxx, and transverse, εyy, strains derived from 

macroscale (optical) and microscale (AFM) measurements is shown in Figure 1(d) by plotting 

the transverse-to-longitudinal strain ratio –(εyy/εxx) (equal to the Poisson’s ratio for infinitesimal 

strains) as a function of the uniaxial strain, εxx. The two types of measurements agreed well at 

all applied strains, therefore, mechanically speaking the specimen domains of 50×25 µm2 

imaged by the AFM were sufficiently large to be representative of the macroscale mechanical 

behavior of PDMS-CB specimens and, thus, considered a Representative Surface Element (RSE). 
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As expected for an elastomer, for small strains –(εyy/εxx) ≈ 0.5 that gradually decreased to ~0.2 

at 100% applied strain. This effect of increasing stretch ratio on –(εyy/εxx) has been reported 

before for elastomers and elastomers with filler particles [39,40].  

 

 

  

(a) (b) 

  

(c) (d) 

Figure 1. (a) Miniature mechanical testing device. The grips serve as force sensors in the form of folded 

beam loadcells as marked in the figure by the dashed lines. Changes in the opening of a folded beam are 

measured by an optical microscope and are used to calculate the applied force to the specimen. Stress-

stain curves for (b) 12 wt% and (c) 20 wt% PDMS-CB composites. All curves are repeatable after the first 

two cycles. (d). Ratio of transverse-to-longitudinal strain [–(εyy/εxx)] as a function of εxx, obtained via 

optical and AFM microscopy. 
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3.b Electrical Measurements on as-fabricated Specimens 

The electrical behavior of PDMS-CB composites was evaluated in the as-fabricated state 

at the local and bulk scales after mechanical preconditioning. A steady increase in electrical 

resistance took place with increasing applied strain which was fully reversed upon unloading. 

The initial bulk resistance of specimens with 20 wt% CB was 13 times smaller than specimens 

with 12 wt% CB (270 Ω vs. 3.5 kΩ), Figures 2(a,b). For both CB weight fractions, the electrical 

resistance along the specimen increased non-linearly with applied strain as the CB particles 

were further separated upon specimen extension, reaching 360 Ω and 6 kΩ, respectively. A 

prior study has shown a dominant Ohmic response for CB weight fractions as low as 10% [14], 

while other works have reported a relatively linear dependence of the change in resistance as a 

function of applied strain, for CB weight fractions as small as 1% [14,15]. Similarly, the through-

thickness resistance was measured as a function of applied strain. In the as-fabricated state, the 

through-thickness resistance was 470 Ω for 12 wt% CB and 38 Ω for 20 wt% CB. Notably, the 

electrical resistivity, ρ=R·A/L, where R is the measured electrical resistance, A is the specimen 

cross-section and the L is the specimen length, decreased with applied strain for both CB weight 

fractions, with as-fabricated values of 100 Ω·cm and 7 Ω·cm for 12 wt% CB and 20 wt% CB, 

respectively. These resistivity values are in good agreement with values reported by Chong et 

al. [14] ranging from 116 Ω·cm for 10 wt% CB to 4.6 Ω·cm at 25 wt%.  

 

 

  

(a) (b) 

Figure 2. Electrical resistance along the gauge length of (a) 12 wt%, and (b) 20 wt%, PDMS-CB 

specimens, as a function of applied uniaxial strain.  
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At the microscale, the electrical properties were quantified through local current maps 

obtained via C-AFM, which are representative of the through-thickness specimen conductivity 

(transverse to the direction of specimen stretching), as opposed to the measurements in 

Figures 2(a,b) that describe the bulk resistance along the direction of specimen stretching. The 

measured current depends on the local electrical conductivity and the contact resistance of the 

AFM tip and the sample surface. The contact resistance depends on the quality of the contact, 

which in the case of a CB particle in a highly deformable elastomeric substrate is expected to 

change significantly with the force applied by the AFM tip during contact imaging. Therefore, 

the effect of the AFM tip set point force on the total current was quantified using C-AFM 

current maps obtained at different bias voltages, Figures 3(a,b). Based on the C-AFM current 

maps the (i) conductive specimen area fraction, Ac, namely the area where current was 

measured (above the noise floor of 100 pA which was twice the current registered on C-AFM 

maps in PDMS regions of the specimen surface) was registered in AFM images divided by the 

total image area, and (ii) the total current, calculated by summing the current value at every C-

AFM image pixel, which exceeded the current noise floor. Ac increased non-linearly with applied 

contact force, Figures 3(c,e), by a factor of 28, and 7 at the lowest applied voltage of 35 mV for 

12 wt% and 20 wt% CB, respectively, and by a factor of 10, and 5 at the highest applied voltage 

of 2.5 V for 12 wt% and 20 wt% CB, respectively. It should be noted that for non-adhesive 

Hertzian contact the contact area, a, scales as a ~ F⅓, namely the rapidly increasing Ac and total 

current with applied force is not due only to the increased contact area, rather mainly due to 

the reduced contact resistance. Similar were the trends in the total current as a function of 

applied force, Figures 3(d,f). While the higher the applied force, the smaller the contact 

resistance, the choice of the set point force for contact AFM imaging also took into account the 

surface distortion and AFM tip wear. It was found that imaging at 90 nN caused noticeable tip 

wear therefore, all contact AFM imaging in this study was carried out with 70 nN set point 

force, with 50 nN being the set point automatically assigned by the AFM software. 

For both CB weight fractions Ac increased monotonically with applied voltage, Figures 

3(c,e). Samples with 20 wt% CB demonstrated a linear behavior of Ac and total current as a 

function of applied voltage, Figure 3(f), which may be attributed to the fact that the CB content 

was above the percolation threshold; therefore most conducting sites are expected to be 

Ohmic. On the contrary, both Ac and the total current for specimens with 12 wt% CB were non-

linear potentially due to a significant contribution of tunneling sites, since the 12 wt% PDMS-CB 

specimens were below the electrical percolation threshold. Local current-voltage (I-V) 

characteristics, obtained at selected points on the specimen surface, shed more light into local 

electrical conductivity. After full-field C-AFM imaging, local areas of 5×5 µm2 were selected 

based on the C-AFM current maps to probe the electrical conductivity behavior of individual CB 

particles or agglomerates for applied bias voltage in the range ±0.25 V. These I-V characteristics 

are presented in Section 3.3 together with I-V curves obtained under specimen extension. 
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(e) (f) 

Figure 3. Surface current maps obtained at 70 nN set point force for the AFM cantilever while imaging 

(a) 12 wt% and (b) 20 wt% PDMS-CB composites. (c) Conductive area fraction, Ac, (total area: 50×25 

µm2), and (d) total current of conductive areas in (a). (e) Ac (total area: 50×25 µm2), and (f) total current 

of conductive areas in (b). Ac was calculated for pixels that exceeded the noise floor of 100 pA.  

 

 

3.c Electrical Response under Uniaxial Tension 

The evolution of conductive surface sites, local current distribution and total current 

were determined as a function of applied strain. Figures 4(a) and 4(b) show selected current 

maps in 12 wt% and 20 wt% PDMS-CB specimens, respectively, while Figures 4(c,d) are 

examples of the surface topography as the specimens were stretched. The entire set of current 

maps, similar to the sample images in Figures 4(a,b), was used to calculate the evolution of Ac 

and total current with applied strain, Figures 4(e,f), for the same undeformed area of 25×24 

µm2 marked with boxes in Figures 4(c,d), such that the electrical properties of the exact same 

physical surface points are tracked during mechanical deformation. In the case of 12 wt% CB, 

which is below the electrical percolation threshold, the total current followed a bi-linear trend 

with respect to the applied strain, while there was a relatively linear response in the case of 20 

wt% CB, which is above the percolation threshold. Quantitatively speaking, at the applied strain 

of ~60% Ac was as high as 2.9% for the 12 wt% PDMS-CB specimen and 9.5% for the 20 wt% 

PDMS-CB specimen. Of similar magnitude, albeit not proportional to Ac, was the increase in 

total current at ~60% strain, reaching ~80 µA for the 12 wt% PDMS-CB specimen and 180 µA for 

the 20 wt% PDMS-CB specimen. The overall linearity in the total current vs. strain for the 20 

wt% PDMS-CB specimen is due to a dominant Ohmic conductivity through the specimen 

thickness starting with the unstretched condition. On the contrary, the electrical conductivity of 

the 12 wt% PDMS-CB specimen is a combination of Ohmic conductance and electrical 

tunneling, hence resulting in the bilinear dependence on applied strain with a rapid increase of  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4. Current and surface topography AFM maps for a (a,c) 12 wt% and a (b,d) 20 wt% PDMS-CB 

specimen subjected to different applied uniaxial strain, εxx, values and 70 nN set point force. The boxed 

areas in the topography images in (c,d) correspond to the same undeformed 25×24 µm2 area 

undergoing extension in x-direction and contraction in the y-direction during macroscale uniaxial 

tension. The current maps in (a) and (b) correspond to the same physical areas as the surface 

topography images in (c) and (d), respectively. (e) Fraction of conductive specimen area and (f) total 

current of conductive area as a function of uniaxial strain for 12 wt% and 20 wt% PDMS-CB specimens, 

calculated from the boxed areas in (c) and (d). The scale bars in (a-d) are equal to 10 μm. 
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the total current beyond 30% applied strain, Figure 5(a). The latter could be attributed to the 

reduction in specimen thickness due to Poisson’s effect, thus causing a gradual transition to 

electrical percolation through the specimen thickness due to a reduction in CB particle spacing. 

Different trends were obtained for the 20 wt% PDMS-CB specimen, Figure 5(b): Overall, the 

total current per unit area increased following a rather bilinear response, with a reduced rate of 

increase after ~20% strain. The origins of this behavior may be traced in the gradually reduced 

rate of Poisson’s contraction with applied strain, as shown in Figure 1(d), resulting in a 

decreasing rate of specimen contraction across its thickness combined with the increasing 

effect of longitudinal stretching on CB particle separation. 

 

  

(a)  (b) 

Figure 5. Total current per unit area vs. uniaxial strain for a (a) 12 wt% and a (c) 20 wt% PDMS-CB 

specimen, for two specimen areas whose local conductivity characteristics and dimensions were tracked 

during specimen stretching. 

 

It is important to assess whether the C-AFM current maps in Figures 4(a,b) included a 

sufficient number of CB particles to be considered an RSA for electrical properties. Towards this 

goal, the total current per unit area was compared between specimen domains with initial 

dimensions of 25×24 µm2 and 25×12 µm2, which were tracked during deformation, as shown in 

Figures 4(c,d) for the 25×24 µm2 area of interest (the 25×12 µm2 area was the upper half of the 

region marked by a box in the AFM images for 0% strain), and plotted in Figures 5(a,b). In the 

case of the 12 wt% PDMS-CB specimen, the total current per unit area did not vary with the size 

of the imaging area during deformation. The total current per unit area for the 20 wt% PDMS-

CB specimen did show a small difference between 25×24 µm2 and 25×12 µm2 areas, but small 

enough to characterize the 25×24 µm2 surface area as an RSA for both types of PDMS-CB 

specimens.  
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Although there is no direct means to compare the macroscale electrical conductivity 

with the local C-AFM measurements, of further interest is to explore the nature of the 

conducting sites resolved in C-AFM maps through their I-V characteristics. Figures 6(a-d) show 

several I-V characteristics spanning a range of responses, obtained from undeformed 

specimens, and specimens that were deformed to 50% macroscale strain. Noting that the 

specimens with 12 wt% CB were below the electrical conductivity percolation threshold, the 

vast majority of I-V characteristics from the undeformed specimen in Figure 6(a) demonstrated 

the characteristic parabolic shape of tunneling conductance with a rapid increase in 

conductivity at higher bias voltage. This I-V response changed notably at 50% applied strain, 

Figure 6(b), where a combination of linear response, corresponding to Ohmic conductance, and 

non-linear response resulting in lower current, corresponding to tunneling, was recorded. This 

transition to significant degree of Ohmic conductance is in agreement with the rapid increase in 

the total current per unit area taking place beyond 30% applied strain, Figure 5(a), as calculated 

from the C-AFM maps and shown in Figure 4(a). On the other hand, the I-V characteristics of 

undeformed specimens with 20 wt% CB, Figure 6(c), were a combination of linear (Ohmic) and 

non-linear (tunneling). This behavior changed significantly upon application of 50% strain 

resulting in the majority of the probed cites responding Ohmically, Figure 6(d). The Poisson’s 

contraction across the specimen thickness favors an increase in CB particle contact and, 

therefore, increased Ohmic-type conductance. Yet, there were still many locations of low 

current (100s of pA) compared to the Ohmic areas that provided >10 nA. Therefore, even after 

applying significant strain to already percolated specimens, the local conductivity 

characteristics remained a combination of (dominant) Ohmic and tunneling. 

As a final note, although the insets of C-AFM current maps in Figures 6 show some CB 

clustering at the scale of 5×5 µm2, the I-V characteristics at different locations of the same CB 

cluster were not constant, e.g. locations 1, 3, 5, 6 in the same large cluster in Figure 6(c), 

yielding either Ohmic or tunneling conductivity, hence indicating significant discontinuities 

within the same CB cluster. On the other hand, different points in much smaller CB clusters did 

demonstrate identical I-V characteristics, as shown in Figure 6(f). It is therefore concluded that 

the local conductivity mode at the scale of a few microns is highly non-uniform, even for 

specimens with CB weight fractions well above the electrical percolation threshold. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 6. I-V characteristics from (a,b) 12 wt% and (c-f) 20 wt% PDMS-CB specimens subjected to (a,c,e,f) 0% 

and (b,d) 50% strain. (e) Low current I-V characteristics demonstrating tunneling behavior. (f) Identical I-V 

characteristics obtained along a chain of CB particles. The C-AFM insets in (a,b) are 10×20 µm2 and in (c-f ) 

are 5×5 µm2. 
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4. CONCLUSIONS  

The microscale electrical properties of PDMS-CB nanocomposites with CB compositions 

below (12 wt%) and above (20 wt%) the electrical percolation threshold were investigated 

under the application of large tensile strains. Background work showed that the contact 

resistance could be reduced quite significantly by increasing the set point force in contact AFM 

imaging albeit at the cost of rapid AFM tip wear. For specimens with a CB weight fraction below 

the electrical percolation threshold, it was shown that the rate of increase in electric current 

area density (in specimen domains of 25×25 µm2) with applied strain surged beyond a 

threshold strain and the dominant local conductivity gradually assumed Ohmic characteristics, 

yet remaining a combination of Ohmic and tunneling-based. On the contrary, for specimens 

with a CB weight fraction above the electrical percolation threshold, the rate of increase in the 

electric current area density decreased beyond a threshold strain. The local conductance of 

specimens with 12 and 20 wt% CB was a combination of Ohmic and tunneling, with the former 

prevailing at large applied strains. The results of this work are important in multiscale and 

multiphysics modeling and simulations of soft nanocomposites and in manufacturing of soft 

electrically conducting devices with microscale feature sizes, by providing quantitative inputs 

about the local and effective electrical response at different length scales.  
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