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Carrier transport in a wide range of nanomaterial assemblies proceeds by percolation through discontinuous networks of constituents. Improving percolative nanomaterials could enhance transparent conductors, sensors, and electronic devices. A signiﬁcant obstacle in optimizing percolative materials is the challenge in their characterization. The critical connection pathways which determine a percolative material’s
conductivity are not easily accessible with existing metrology tools and traditional investigation
approaches rely on indirect methods based on many samples and on simplifying assumptions. We here
demonstrate the direct extraction of characteristic parameters from a single sample by analyzing the
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strain-dependent resistance of percolative materials. An analytical model is derived that can explain
experimental data for various percolative materials, morphologies, and straining conditions. The relationship of the extracted parameters with previously introduced ﬁgures of merit allows us to compare nanostructures of diverse dimensionalities and compositions for applications such as strain gauges and transparent conductors.

Introduction
Assemblies of nanomaterials have demonstrated novel and
unique properties in energy storage,1 sensing,2 and biological,3
and electronic devices.4 One important distinction from their
bulk counterpart is that carrier transport proceeds through discrete constituents. This percolative transport is determined by
the geometry of their constituents and the morphology of their
assembly. Despite the significant eﬀort invested into the fabrication and application of percolative films, fundamental questions about the best material, ideal geometry and performance
limits have remained unanswered. Such questions could be
answered with either theoretical or experimental approaches.
Simulations on percolative transport to date have only been
conducted on simple geometries, such as nanowires5 or
circles,6 and cannot explain the richness of experimental
observations, such as non-universal percolation exponents and
large variations between seemingly identical samples.7
Experimental characterization of percolative films by imaging8
or scanning probe microscopy9 on the other hand is compli-
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cated since such an analysis has to consider both the properties of individual constituents and the macroscopic conduction pathways. This disparity between scales is causing severe
challenges to the metrology and characterization of percolative
films.
Traditionally, the percolative transport is described by two
parameters, i.e. the percolation exponent and a critical film
thickness under which no conduction occurs. The comparison
of these parameters can allow the harmonization between
diﬀerent materials and the evaluation of optimal morphologies.
Unfortunately, the parameters are not directly measurable and
need to be extracted from multiple samples which is both timeconsuming and produces large errors in the analysis. Moreover,
the method produces larger errors the closer the film thickness
is to the critical thickness which limits its suitability for envisioned nanomaterials’ applications, such as strain sensors,10
electronic skin11 or transparent ESD protection.12
Previous work has demonstrated the sensitivity of a percolative film’s morphology to uniaxial strain which was ascribed to
the reorientation of its constituents upon extension and
related to the film’s percolation parameters.13,14
We here extract the percolation parameters of nanostructure
films from strain-dependent conductance measurements. For
this, we analyze the carrier transport of percolative films under
tensile strain and present a simple analytical formula that predicts the percolation process at varying degrees of strain. This
result enables the extraction of the fundamental parameters of
these films, such as the percolation exponent and the critical
thickness from one sample without additional characterization
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tools. The presented model is shown to be applicable to a wide
variety of nanomaterials, such as graphene flakes, nanotubes
and nanoparticles. Moreover, the previously proposed figure of
merit for percolative films can be obtained in a straightforward
manner without additional assumptions. Finally, the application of our model to recently developed strain sensors can
provide a pathway for their optimization.

Results and discussion
The traditional characterization of percolative films is based
on the comparison of multiple samples with varying concentrations of nanostructures. Fig. 1(a) shows the resistance evolution of samples with progressively increasing amounts of graphene flakes deposited. This change can be understood by the
increase in flake concentration that yields a larger number of
parallel conduction pathways. To relate the sample resistance
to the film morphology, optical absorption measurements
need to be carried out for each sample and an increase in
absorbance with the deposited volume can be seen (Fig. 1(b)).
These two measurements allow the inference of a
trend between a sample’s absorbance and resistance
(Fig. 1(c)).8,11,15–17 For nanomaterials, this relationship is not a
simple inverse proportionality as expected for bulk materials,8
which is indicated by the observation that films that exhibit less
than 50% absorbance do not conduct current because the film
fails to form an interconnected network.8,11 Employing this
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critical thickness, a power-law dependence of resistance is
commonly employed to describe percolation8,11,16–18:

n
t
ð1Þ
ρDC /
1
tc
Here n is the percolation exponent which represents the
abruptness of the transition between hopping and bulk conduction and is aﬀected by the geometry, conduction mechanism, and dimensionality of the film components.7,19–25 Early
theoretical work found universal percolation exponents that
depended predominantly on the dimensionality of the problem
with n = 1.1–1.3 for two-dimensional systems and n = 1.6–2.0 for
three-dimensional systems. Experimental work demonstrated
exponents within a much larger range between 2 and 10 that
depended on the aspect ratio of the constituents and the
hopping resistance between neighboring elements.7 Even for
seemingly similar carbon nanotube films large spreads of
values have been reported,7 indicating the importance of
extracting an accurate value for the percolation exponent.
Fits of the experimental data with eqn (1) demonstrate large
deviations between the data and model resulting in unreasonable thickness values below the critical thickness (Fig. 1(d)).
The deviation of experimental values originates from the
assumption that the critical thickness and percolation exponent
n are similar for all samples. Instead, irreproducible deposition
and changes in the sample morphology cannot be ignored in
nanostructure assemblies.7,8,15,22,26 Thus, a method is needed
that can extract the same information from the measurement of
a single sample and would not need to rely on assumptions

Fig. 1 (a) Resistance of graphene ﬂake ﬁlms deposited from diﬀerent volumes of solution, (b) dependence of optical absorbance at 532 nm on the
amount of deposited volume, (c) resistance vs. optical absorbance for samples with diﬀerent thicknesses with ﬁtting to the percolation equation,
and (d) resistance vs. extracted normalized thickness with ﬁtting to the percolation equation.
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about the sample variation. Moreover, a single-sample measurement could be conducted without the knowledge of the sample
thickness since it could be treated as a constant.
We hypothesize that straining a sample could modify its
response in a predictable manner that allows the extraction of the
percolation parameters. Application of uniaxial strain ε to a percolative sample is expected to change the position of the film’s constituents while retaining its shape, due to the high strength of the
conductive constituent compared to the dielectric matrix.27 Under
these conditions, strain will change the percolation conditions
significantly since constituents will be shifted with respect to each
other resulting in broken conduction pathways. To illustrate this
process, we conduct numerical simulations of the current flow
through a collection of conductive disks by solving Kirchhoﬀ’s
law for each junction,28 presented in Fig. 2(a). A uniaxial variation
of the positions is found to decrease the density of conduction
pathways, thus resulting in an increased total resistance.
We analytically model this behavior by considering the
changes in the sample. Assuming elastic strain and the abovementioned conservation of the conductive constituent volume
under strain, the modification of the sample’s cross-sectional
area causes a decrease of the film thickness, according to
tðεÞ ¼ t0 =ð1 þ εÞð1  μεÞ;

ð2Þ

where ε is strain, μ is Poisson’s ratio and t0 is the original film
thickness t (ε = 0). (More details on the model are presented in
the ESI.†)

We thus find that the application of strain to a sample has
the same eﬀect as changing its thickness. Consequently, the
resistance of one sample under diﬀerent degrees of strain
can yield the same amount of information as that obtained by
measuring the resistance of many samples with varying thickness. Since the critical thickness of the film does not depend
on strain but only on dimensionality and conductivity,19,29 this
approach is expected to reduce the error in the extracted parameters compared to multi-sample measurements.
Experimentally measured sample resistances have to consider strain induced changes in length (L), width (W), conductivity (σDC) and film thickness according to


LðεÞ
R¼
ðσ DC ðεÞtðεÞÞ1
ð3Þ
W ðεÞ
By normalizing the resistance of the unstrained sample, we
obtain a simple analytical equation that allows us to extract
important percolation parameters such as the percolation
exponent (n) and the critical film thickness (tc) with respect to
the unstrained film thickness (t0) from a single measurement.

RðεÞ=Rð0Þ ¼

t0  tc
tðεÞ  tc

n
ð1 þ εÞ2 ;

ð4Þ

where t (ε) is the strain-dependent thickness according to
eqn (2).
The experimental confirmation of our newly proposed
method is firstly carried out on percolative graphene flake

Fig. 2 (a) Schematic of the strain-induced changes in percolative ﬁlms and numerical simulation of current distribution in the same percolative ﬁlm
with and without strain, (b) representative normalized strain–resistance curve for a graphene ﬂake ﬁlm with ﬁtting to eqn (4) with parameters n = 2.4
and t/tc = 1.25, (c) resistance vs. extracted normalized thickness from strain–resistance measurements with ﬁtting to the percolation equation, and
(d) relationship between the normalized thickness obtained from strain measurements and multi-sample optical transmittance measurements.
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films. These films were obtained by spray deposition of exfoliated graphene from NMP on a flexible PET substrate.28
We observe a good agreement between the experimental
strain-resistance graph and eqn (4) (Fig. 2(b)). From the fit we
can extract the percolation exponent n and the normalized
thickness t/tc, which are suﬃcient to describe the percolative
behavior of a film.
To rationalize the extracted parameters, we compare graphene flake films of diﬀerent thicknesses. When plotting the
extracted normalized thickness t/tc for each sample, a clear
trend with its initial resistance is observed (Fig. 2(c)), consistent with the results obtained by absorption measurements of
multiple samples in Fig. 1(d). We compare the extracted normalized thicknesses from traditional multi-sample transparency and strain-resistance measurements and observe a oneto-one correlation between them (Fig. 2(d)). Significantly larger
error bars for the multi-sample characterization compared to
straining are observed that emphasize the potential of our
approach.
Our method does not rely on any assumptions about the
sample morphology or dimensionality and can thus be
employed for a wide variety of materials and conditions. We
find that even compressive strain can be modelled with our
approach (Fig. 3(a)). In the case of zero-dimensional nanoparticles in composites the model correctly predicts a decrease
in resistance upon compressive strain which suggests that conduction indeed proceeds mainly through the fillers whose per-
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colation pathway is eﬀectively shortened. We also demonstrate
that the model is not only applicable for diﬀerent materials
but also for a large range of applied strain and resistances.
When characterizing a three-dimensional dispersion of twodimensional graphene nanoplatelets in a polydimethylsiloxane
(PDMS) matrix we observe good agreement over strain ranges
of 40% and resistance variations of 7 orders of magnitude, as
is shown in Fig. 3(b). The good agreement also demonstrates
the limited impact of transverse strain and validates our initial
assumption about the exclusive deformation of the dielectric
matrix and the shape retention of the conductive constituents.
One of the important applications of our model is the
extraction of the percolation exponent from strain–resistance
curves. This exponent represents a measure of the connectivity
between adjacent constituents and is expected to depend on
the constituent shape and the sample morphology. A diﬀerence in the percolation exponent can thus be employed to
identify the diﬀerence in the structure of the nanoscopic constituents. Fig. 3(a) shows the resistance–strain plots of two
diﬀerent particle types, Cu and Ni. According to our analysis,
the percolation exponents diﬀer significantly, with the Cu particles having a higher percolation exponent (about 2.7) compared to Ni particles (about 2.0). This diﬀerence is due to the
peculiar shape of the Cu particles which show protruding
sharp tips while the Ni particles being spherical.30
In addition to providing an enhanced characterization
method we demonstrate that the strain-induced change in resistance is a suitable tool for comparing the assemblies of
diﬀerent nanomaterials. Traditionally, the comparison of
diﬀerent conductive films is accomplished by introducing a
universal figure of merit. Coleman et al. suggested such a
FOM,8 termed Π, for percolative materials that relates two measurable quantities, resistance and transparency. Unfortunately,
the figure of merit depends on the bulk equivalent thickness
tmin according to

Π¼2

σ bulk =σ Op
ðZ0 tmin σ Op Þn

1=ðnþ1Þ

ð5Þ

This parameter cannot be directly extracted from the resistance or transparency measurements but again requires the
comparison of multiple samples.
Our strain-based approach, on the other hand, allows us to
calculate the FOM using the extracted values for R0 and n,
from an individual sample without the additional evaluation
of tmin according to
"

L0 Z0
Π¼
ðT 1=2  1Þnþ1 W0 R0

Fig. 3 Normalized strain–resistance diagrams and ﬁts to eqn (4) for
diﬀerent material types: (a) strain response of two types of nanoparticleﬁlled polymers under compressive strain31 and (b) graphene-derivative
ﬁlled polymer32 (more details about the samples are provided in the
ESI†).
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This approach is validated by our observation of a good
agreement of the thus extracted FOM values with multi-sample
measurements (Fig. 4(a)) despite the large variations in the resistance of those samples. Moreover, considering that the FOM
can span several orders of magnitude8 the observed sample-tosample variation is relatively small.
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Fig. 4 (a) Figure of merit extracted from single-sample measurements of graphene ﬁlms deposited at diﬀerent substrate temperatures, (b–d) gauge
factor evolution and ﬁt to eqn (8) with sample concentration in terms of weight (b), conductive volume (c) and normalized ﬁlm thickness (d) for
diﬀerent materials, i.e. (b) multi-walled nanotube ﬁlled polymer,33 (c) nanoparticle-ﬁlled polymer,13 and (d) ﬂake graphene ﬁlm10,27 (more details
about the samples are provided in the ESI†).

Finally, we apply the gained understanding to the research
area of nanomaterial-based percolative strain gauges which
exhibit a morphology-dependent sensitivity that is not
observed in bulk strain gauges. Based on the definition of the
gauge factor and eqn (4), we obtain:




RðεÞ  R0
t0  tc n
GF ¼
=ε ¼ ð1 þ εÞ2
1 =ε
ð7Þ
R0
tðεÞ  tc
Since the gauge factor is experimentally obtained for small
strain values this formula can be simplified to
GF  2 þ ð1  μÞn þ ð1  μÞnγ
ð8Þ
tc
where γ ¼
and μ is the Poisson ratio of the material or
t  tc
substrate.
Using eqn (8), we fit several types of experimental data of
strain gauge with small strain, e.g. multiwall carbon nanotube
composites (Fig. 4(b)),33 nanoparticles in a polymer matrix
(Fig. 4(c)),13 and graphene flake films (Fig. 4(d)).10,27 We
observe an excellent agreement of the simple formula with the
experimental data despite its diverse nature. For example, the
percolation exponent extracted from graphene flake films (n =
2.4) agrees well with the parameter extracted from the multisample FOM characterization.
When inspecting eqn (8), it is evident that the highest GF is
achieved when the thickness is close to tc under which conditions its magnitude is limited by γ and n. The parameter γ
represents the relative diﬀerence in the thickness from the
critical thickness and tends to infinity at tc. In reality such
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high values for GF are not achievable, since straining of a film
of critical thickness will break the last conductive pathway and
transition to an insulator occurs. Instead, the highest value for
GF is limited by the amount of strain that the sample needs to
sustain but is as high as 168 for 1% strain. For identical preselected strain values, i.e. a fixed gamma, the diﬀerence in strain
gauge sensitivity for diﬀerent materials is completely determined by the variation of the percolation exponent. From predictions for n we identify that three-dimensional assemblies
are expected to outperform two-dimensional films as strain
gauges.

Conclusions
In conclusion, we have demonstrated a novel method to extract
important percolation parameters by analyzing the straininduced change in the resistance of percolative nanomaterials.
A simple analytical formula shows good agreement with a
wide variety of experimental data and allows characterization
of the critical thickness and percolation exponent from singlesample measurements. The thus obtained parameters can be
related to the previously used figures of merit for transparent
conductors and strain gauges and show good agreement with
traditional measurements. These results highlight the usefulness of our approach for the characterization of percolative
nanomaterials for material optimization and future
applications.
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