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Flexible strain sensors have been subject to intense research efforts in recent years, in an attempt to over-
come the limitations of their rigid counterparts and find use in demanding applications. In this work, the
effective calibration of resistive-type, stretchable strain sensors is discussed. A new model for the piezore-
sistive response of stretchable polymer nanocomposite strain sensors is presented which facilitates cali-
bration over the full conducting strain range of the material. This offers the potential to vastly improve the
practical working range of sensors made using soft conductive nanocomposites, as well as to obtain key
information towards improvement of sensing performance. The model has been successfully applied to
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multiple experimental measurements on silicone rubber (SR) nanocomposites reinforced with reduced
graphene oxide (rGO) over a range of filler loadings. The effect of parameters such as filler dimensions,
filler orientation and dispersion state is discussed, while predictions on sensitivity and working range are
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made on the basis of interparticle distance modelling.

1 Introduction

Stretchable strain sensors are a key component in the develop-
ment of flexible and wearable electronic devices for use in
applications such as the monitoring of health parameters,
human-machine interfaces and soft robotics." Strain sensors
are utilised in various contexts to track and monitor move-
ment, transforming material deformations into electrical
signals for detection and measurement purposes. In contrast
with sensors made using traditional electronic materials, flex-
ible strain sensors, such as conductive elastomer nano-
composite devices, have the capability to measure dynamic
motion on irregular surfaces or shape-changing objects, allow-
ing for the seamless integration of sensing into multiple new
systems.>

Resistive-type strain sensors measure the deformation of a
material using the change in resistance resulting from
mechanical strain. The electromechanical response arises
from both geometrical changes and the piezoresistive effect.
The sensitivity of the measurement is normally described by
the gauge factor, G,

AR A
—=(1 +21/)A€+—p= GAe
Ry Po

(1)
where Ae is the change in strain, AR and Ap is the corres-
ponding change in resistance and resistivity, R, and p, are the
initial resistance and resistivity respectively, and v is Poisson’s
ratio.
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Metals have low piezoresistivity (Ap/po =~ 0) and traditionally
strain measurements for monitoring automatic systems on
devices, machines, and equipment would be made using
metallic foil, wire or thin-film based strain gauges.* These
display values of G = 2-6 and have a highly linear electrome-
chanical response to strain over their limited working ranges ¢
< 5%. Semiconductors exhibit a much stronger piezoresistive
effect than metals, and they can produce strain gauges with
superior sensitivities (G = 100-1000). However, they are brittle
and still suffer from the same low working ranges as their
metal counterparts.*® Polymer nanocomposites have become
a popular alternative for the development of new strain
sensors over the last decade, owing to the flexible nature of the
majority of polymer matrices (& = 10-1000%).*” Nanomaterials
can impart electrical conductivity to polymers even at low filler
volume fractions. Stretchable nanocomposites made using
carbon nanomaterials such as graphene and carbon nano-
tubes (CNTs) in particular have favourable conductivity ranges
for strain sensing applications (1-10* S m™").® Moreover, this
new class of materials displays high piezoresistivity which
allows for sensitivities, up to high strains, far surpassing those
of metal and semiconductor strain gauges.

Depending on the design of the nanocomposite device, the
piezoresistive effect is influenced, to varying degrees, from a
combination of several different mechanisms. In cases where
the conductive networks are made up predominantly by nano-
fillers in physical contact, such as in thin films, crack propa-
gation and disconnection mechanisms can dominate the elec-
tromechanical response.” However, electrical conduction is
not only carried across nanofillers in contact, but also via
quantum tunneling of electrons through thin layers of
polymer between closely positioned nanofiller sites. The tun-
neling current through these tunneling junctions is highly
dependent on the distance between nanofillers, which is
affected by strain. According to theory developed by
Simmons,'° the tunneling resistance of a single junction can
be estimated by the following equation,

exp (2 /2 @)

where % is Planck’s constant (k = 6.63 x 107** ] s), s is the dis-
tance between the nanofiller sites, A is the effective cross-sec-
tional area over which the tunneling occurs, e and m, are the
charge (e = 1.60 x 107"’ C) and mass (m. = 9.11 x 107" kg) of
an electron respectively and 1 is the height of the potential
barrier.

In many polymer nanocomposite strain sensors, the domi-
nant strain-responsive mechanism is the tunneling effect, par-
ticularly in nanocomposites with filler contents close to the
percolation threshold.”**™* Zhang et al.* used Simmons’ tun-
neling theory to approximate the tunneling resistance across
electrically conducting composites composed of conducting
fillers dispersed throughout an insulating polymer matrix as,
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where L is the number of particles forming one conducting
path and N is the number of conducting pathways. Combined
with the variation in tunneling resistance with changing filler
separations, the creation and destruction of conductive path-
ways forming the conducting network is also one of the main
sensing mechanisms in polymer nanocomposites.">*® The
result is a highly non-linear response to strain which presents
an issue for calibration of strain sensors in application.

The tunneling model in eqn (3) has been previously used to
study the full response of polymer nanocomposite strain
sensors in the literature,”*>* however these applications of
Simmons’ tunneling theory often rely on multiple fitting para-
meters which lack clear physical definitions. In this study, we
evaluate linear and exponential models used in the literature
to calibrate polymer nanocomposite strain sensors using
example data from ultrasoft silicone rubber/reduced graphene
oxide (SR/rGO) strain sensors of varying filler contents. The
specific composite system offers a valuable case study for the
behaviour of low-density conductive filler networks as the
ultra-low modulus of the elastomer matrix (<50 kPa) ensures
minimal interference in the electromechanical response of the
nanocomposite. A new model for the electromechanical
response of these strain sensors is presented which requires
only two well defined fitting parameters. This model can be
employed for the accurate calibration over the full conducting
strain range of resistive-type polymer nanocomposite sensors.

2 Materials and methods
2.1 Materials

Ecoflex 00-20 (platinum-catalysed silicone rubber), procured
from Smooth-On was used as the polymer matrix. The filler
used was reduced graphene oxide (rGO) supplied by Avanzare
in powder form with an average thickness <3 nm and lateral
size ~40 pm, according to the supplier. Using XPS, the ratio of
carbon to oxygen was measured to be 17.5, indicating a high
level of reduction for the rGO filler (C: O ratio typically ~2 for
graphene oxide®). Further information on the physical pro-
perties of the filler can be found in section 1 of the ESL{

2.2 Sample preparation

To prepare the silicone rubber/rGO (SR/rGO) nanocomposite
strain sensors, rGO powder was first dried at 60 °C for 4 hours.
The powder was subsequently mixed via manual stirring into
both silicone resin precursor and crosslinker respectively, to
produce nanocomposites at loadings of 0.42 vol%, 0.52 vol%,
0.62 vol%, 0.70 vol% and 0.79 vol%. A three-roll mill (80E
EXAKT GmbH) was then used to disperse the filler throughout
both parts of the silicone resin separately (precursor and cross-
linker) for a total of four cycles before combining to cure.
Parameters used for the three-roll mill were chosen to match
the medium shear force method detailed in Kernin et al.?® as
this was found to provide a good dispersion of rGO without
causing excessive break-up of rGO into particles of smaller
lateral dimensions. Fixed gap sizes of 15 pm for the rear and

This journal is © The Royal Society of Chemistry 2024
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5 pm for the front were used, at a constant apron roller speed
of 200 rpm. The two parts were then combined and manually
stirred together for 5 minutes before depositing into poly-
styrene Petri dishes. To ensure surface smoothness in the
cured nanocomposite films, a weight of 1.5 kg was applied to
the surface during overnight curing at room temperature. The
resulting SR/rGO films of ~1 mm thickness were cut into dog-
bones for testing, using an ASTM D638 Type V cutting die and
pneumatic press.

2.3 Characterisation

Mechanical characterisation was carried out using an Instron
5566. Tensile testing took place according to ASTM D412 at a
strain rate of 500 mm min~'. To obtain the percolation
threshold, electrical conductivity measurements were per-
formed on all samples using the 4-probe method.

The electromechanical behaviour was characterised by
measuring the instantaneous two-point resistance of samples
with a digital multimeter (Agilent, 34410A) while applying
tensile strain until resistance measurements reached overload.
Electrical contacts were made within the gauge length, ~1 cm
from the grips in order to avoid distortion of the filler network
during measurement, using thin copper wire embedded in
carbon grease (see Fig. S3 in the ESI} for a schematic of the

! was

sample preparation). A constant strain rate of 2 mm min~
chosen to maximise the acquisition of data points near the
end of the resistance curve. The use of a low crosshead speed
facilitated characterisation of the piezoresistive behaviour near
the point of breakdown of the conductive network, where the
resolution of resistance data is typically low. Three specimens
were tested for each sample loading and data was analysed via
non-linear least squares fitting using the Python scipy
package. Fitting parameters were averaged to obtain results for
each sample type, and the sample standard deviation was used

to represent the uncertainty for each parameter.

View Article Online

Paper

2.4 Wearable sensor demonstration

To monitor finger bending motion, the SR/rGO (0.62 vol%)
sensor was mounted to the finger while the joint was extended
(0°, 0% strain), and connected to a multimeter via wires
hooked onto copper tape electrodes. To reduce contact resis-
tance between the copper tape and the SR/rGO film, a layer of
carbon grease was applied. This carbon grease layer extended
approximately 1 mm into the centre of the sample on each
side, in order to mitigate the effects of deformations caused by
the rigid copper tape during sample stretching. White dots
were marked on the sample’s side — one at the edge of each
carbon grease electrode and one aligned with the primary axis
of the joint. The test was recorded on a camera, and the dot
coordinates were tracked and extracted using the Open Source
Physics Tracker application (version 6.1.6). Subsequently, the
strain induced in the film due to the bending motion was cal-
culated by summing the distances between the outer dots and
the central dots across all frames of the video.

3 Results and discussion
3.1 Primary characterisation

The mechanical properties of the pure silicone rubber include
a very low Young’s modulus of 0.04 MPa (as shown in Fig. 1a)
and high failure strain of 740% (Fig. 1b). Incorporation of the
rGO nanoplatelets led to a linear increase of the 100%
modulus of the nanocomposite with increasing filler volume
fraction, suggesting effective dispersion of rGO within the
polymer matrix and formation of a strong rGO-SR interface.
Notably, the range of 100% modulus values for SR/rGO compo-
sites of the given loadings (0.09-0.38 MPa) closely aligns with
the stiffness range typically associated with human skin
(0.08-0.60 MPa).>” The stretchable nanocomposite material
therefore lends itself to applications in wearable electronics
devices as it is expected to adhere favourably to the body and
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Fig. 1 Mechanical and electrical properties of SR/rGO nanocomposites with varying rGO filler content. (a) 100% modulus. (b) Elongation at break.

(c) Electrical conductivity exhibiting percolation at 0.33 vol%.
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easily conform to bodily movements without causing any
tugging or discomfort to the user.

As expected, higher concentrations of the rGO filler result
in fracture at lower strain levels, which can be attributed to an
increased incidence of nanofiller aggregates which act as
stress concentration points in the material.>® Nevertheless, all
conductive composites maintain a high degree of flexibility,
stretching 2-5 times their original length before breaking
(Fig. 1b).

The electrical conductivity of the SR/rGO nanocomposites
is presented in Fig. 1c. Samples exhibit sufficient conductivity
for sensing applications even at very low filler loadings, with
values of 0.1-1 S m™" being reached beyond 0.62 vol%. Fitting
the data to the percolation equation, ¢ = 6o(0 — 6.), yields a
percolation threshold, 6., of 0.33 vol%.

3.2 Models for calibration of strain sensors

The change in resistance of conductive nanocomposites due to
deformation under tensile strain can be used to facilitate
strain sensing. This is demonstrated in Fig. 2a where relative
resistance versus strain curves for SR/rGO nanocomposite films
over a range of conductive filler loadings can be seen. All nano-
composites exhibited a strong piezoresistive response with
increasing tensile strain. We observe that increasing rGO filler
content increases the conducting strain range of the sample,
however there is a corresponding decrease in the sensitivity of
the nanocomposite’s piezoresistive response to tensile strain.

For a material to be suitable for strain sensing, it is essen-
tial that its electromechanical response to applied strain is
both predictable and fundamentally understood. Hence, a suc-
cessful calibration method should establish a relationship that
accurately converts resistance changes into strain values, all
while remaining practical to implement.

3.2.1 Linear model. Leading on from the conventions set
for traditional metal strain gauges, the most common way
used in the literature to calibrate the response of polymer

View Article Online
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nanocomposites to strain for use as strain sensors, is via a
linear model. Strictly speaking, the definition of the gauge
factor (G) is only valid to describe resistance changes which
scale linearly with strain. A conventional application of the
gauge factor for nanocomposites limits calibration to the low-
strain region, above which the response to strain is non-linear.
This is illustrated in Fig. 2b and c where response curves of
SR/rGO strain sensors have been fitted to eqn (1) from zero
strain up to a limit of ©* = 0.98. The highlighted red region
delineates the useable range within this calibration, which
covers only a small portion of the material’s full conductive
strain range.

Considering the expected exponential response due to tun-
neling effects, comparable constraints are likely to be encoun-
tered in the case of numerous nanocomposite materials.
Hence, without a substantial engineering effort to induce line-
arity in their piezoresistive response, this calibration method
may not be the most suitable choice for utilising the stretch-
able properties of elastomer nanocomposites in high-strain
applications.

Many works instead employ a stepwise calibration, approxi-
mating a linear response to strain over several regions®>*
which together cover the whole conducting strain range of the
sensor. In our work, electromechanical tests were performed
on SR/rGO nanocomposites and calibration was attempted
using different models. The results for the stepwise linear cali-
bration of a SR/rGO sensor with a filler concentration of 0.70
vol% are presented in Fig. 3. Each strain region (e.g. A, B, C in
Fig. 3a) has its own gauge factor value, corresponding to the
sensitivity of the strain sensor in each strain region, given by
the gauge factor (G) equation.

o AR
o RoAE

(4)

In Fig. 3a we can observe the relative change in resistance
measured across the SR/rGO (0.70 vol%) strain sensor under-
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Fig. 2 SR/rGO strain sensors with varying rGO filler content. (a) Strain sensing response curves over full conducting strain range. (b) Calibration of
0.42 vol% sensor approximating the piezoresistive response as linear in the low-strain region. The useable region is highlighted in red. (c) The same

for 0.79 vol%.
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Fig. 3 Stepwise linear calibration of SR/rGO strain sensor (0.70 vol%). (a) Response curve with red, blue and green lines representing linear fitting in
three different strain regions. (b) Accuracy of calibration with the black dots representing the strain applied to the sensor. The red line shows the
strain calculated using the sensor’'s change in resistance and the given calibration. (c) G measured at different strains using the gradient of the
response curve. For comparison, the gauge factor values from the given calibration are plotted in red, blue and green.

going increasing tensile strain at a constant rate, until a
maximum 78% strain, past which the strain sensor is electri-
cally insulating. We have performed linear fittings at three
different regions, (a) from 0%-41% strain where the gauge
factor, G, is found to be 222, (b) from 47%-76% strain where
the gauge factor is found to be 1.56 x 10* and (c) from 76%-
94% strain where the gauge factor is found to be 1.55 x 10°. A
zoomed-in section of the graph can be seen in Fig. S4,1 in
which it is clearer to see the increase in gauge factor between
regions A and B. In most literature works, the delineation
between strain regions being calibrated over is seemingly arbi-
trary, which poses problems when trying to compare the per-
formance of one strain sensor to the next. In our case, the
locations of the three strain regions have been chosen to maxi-
mise the coefficient of determination, *, which for each of the
regions in the example given in Fig. 3a, was able to reach a
maximum of * = 0.75. As expected, the electromechanical
response to strain does not follow a linear trend across the
whole strain range and that is reflected in the low value of 7°.

The accuracy of this stepwise model could be improved by
using a larger number of smaller strain regions, or by limiting
the usable strain range to only very low strains. However, discon-
tinuities between the bounds of consecutive strain regions would
still translate into irregularities in the strain interpreted by the
sensor output. This effect is illustrated in Fig. 3b which shows
the real strain applied, compared with the strain that is read
from the sensor output after the given stepwise linear calibration.
Notably the absolute error in strain readings seen in Fig. 3b is at
points as high as 29%. The absolute error in the strain reading is
also higher in low strain regions than it is in high strain regions
since the relationship between tunneling resistance and strain is
exponential (see eqn (3)). Therefore, resistance intervals scale log-
arithmically when being converted to strain.

Given the high non-linearity observed in the increase in re-
sistance with respect to tensile strain (Fig. 3a) a more accurate

This journal is © The Royal Society of Chemistry 2024

representation of the sensitivity of the sensor can be obtained
using the gradient at any point along the response curve (i.e.
the instantaneous rate of change in resistance with respect to
strain),

. . AR 1 dR
IimG=lim — = ——
Ae—0 Ae—0RgAe Ry de

(5)

Fig. 3c shows the instantaneous gauge factor of the SR/rGO
sensor measured using the gradient of the response curve. In
contrast, the gauge factor values from the given stepwise linear
calibration are plotted in red, blue and green, highlighting the
inability of the linear model to accurately characterise the elec-
tromechanical response of low filler content nanocomposite
materials for use in strain sensors.

3.2.2 Exponential model. All SR/rGO strain sensors tested
exhibited an exponential response to strain over the majority
of the conducting strain range (see section 2.3 of the ESIT for
examples of response curves for all rGO loadings tested).
Previous studies have applied exponential models to study the
electromechanical response of similar polymer nanocomposite
systems.**?* O’'Mara et al.>® used an exponential model to cali-
brate SR/graphene strain sensors up to 80% strain using the
following equation,

R = Roe %" (¢ < emax)

(6)

where G, is the sensitivity exponent (analogous to the gauge
factor) and enma is the working range that the resistance
response to strain can be calibrated over using eqn (6).

In Fig. 4a a fitting of experimental data for our SR/rGO
strain sensor (0.70 vol%) to this relationship is shown. To give
an accurate calibration for the largest part of the conducting
strain range, fitting is successfully applied only up to a
working strain range of ey, = 60%. Past this threshold, the re-
sistance rises faster than the exponential model is able to

Nanoscale, 2024, 16, 6163-6175 | 6167
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Fig. 4 Non-linear calibration of SR/rGO strain sensor (0.70 vol%). (a) Exponential calibration up to 60% strain. Past this threshold, the resistance
rises faster than the exponential model is able to predict with increasing strain (region marked in grey). The inset graph shows the same data on a
logarithmic scale. (b) Calibration across full range of tensile strain using the depercolation model. (c) Accuracy of calibration using the depercolation
model compared with using the exponential model. The black dots represent the strain applied to the strain sensor. The red and blue lines show the
strain calculated using the sensor’s change in resistance and calibrated using the depercolation and exponential model respectively. (d) Gauge factor
of the sensor measured at different strains using the gradient of the response curve. The red line shows the gauge factor predicted at different

strains using the depercolation model.

predict with increasing strain. We can attribute this behaviour
to the breakdown of the conductive network, represented in
eqn (3) by the number of conducting paths, N, decreasing
sharply.

The exponential model predicts the observed electromecha-
nical behaviour to a high accuracy whilst also avoiding the dis-
continuities in outputted strain seen from using a stepwise
calibration. However, the use of the exponential model can sig-
nificantly limit the working range due to its inability to predict
the sensing behaviour at high strains. This effect is most limit-
ing for systems with low conductive filler contents, which is
often desirable in order to achieve maximum sensitivity while
keeping costs low, or for soft systems that demand sensing at
large strains (higher than 100%).

3.2.3 Electrical depercolation model. Herein we introduce
for the first time the electrical depercolation model, which
uses two well defined parameters, the depercolation strain and
the tunneling sensitivity, to model the resistance more accu-

6168 | Nanoscale, 2024, 16, 6163-6175

rately over the entire conducting range of tensile strain. For
nanocomposite strain sensors, this offers a correction to the
exponential model, allowing for calibration over even the
highest strains before electrical insulation sets in. The
equation that describes the depercolation model is as follows,

R etae

= )

where ¢4 is the depercolation strain at which the filler network
breaks down, can no longer conduct electricity and the compo-
site becomes insulating. The tunneling sensitivity, Gq, is a
dimensionless property of the matrix/filler system which
characterises the responsiveness to changes in filler separation
within the conducting filler network.

Fitting of our experimental data to this new model is shown
in Fig. 4b for an SR/rGO strain sensor (0.70 vol%), which yielded
an 7> value of 0.99. Tunneling sensitivity was found to be 10.8

This journal is © The Royal Society of Chemistry 2024
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and depercolation strain was found to be 78.5% which is approxi-
mately 1% strain higher than the maximum resistance that the
multimeter could measure. A series of samples with filler con-
tents ranging from 0.42 vol%-0.79 vol% were measured in the
same way and were fitted to the depercolation model with * >
0.98. Example fittings and averaged fitting parameters for all
loadings are presented in section 2 of the ESL

Fig. 4c shows the real strain applied to the SR/rGO strain
sensor (black dots) compared with the sensor’s strain output
calibrated using the depercolation model (red line) and the
exponential model (blue line). The detailed derivation of the
equation for calculating strain within the depercolation model
is shown in section 3 of the ESL{ The excellent agreement of
the theoretical and experimental results across the whole
strain range illustrates the improved accuracy of calibration
using the depercolation model compared with the exponential
model at high strains.

The instantaneous gauge factor can also be predicted to a
high accuracy at any given strain by taking the first derivative
of the proposed depercolation model (eqn (7)) with respect to
strain,

_1drR %

1
G=—"= Ga +
Ry de 1_£(d ed—e’)

&d

(8)

We can see this demonstrated in Fig. 4d which shows the
gauge factor calculated using resistance measurements and
the corresponding value predicted by the depercolation model.
After calibrating using the depercolation model, the instan-
taneous gauge factor calculated for each sample tested agreed
with the predicted trends to an r* > 0.98. Fig. 5a depicts the
expected variation in gauge factor with increasing strain across
the entire range of filler loadings for SR/rGO sensors used in
this study, using the averaged fitting parameters obtained
from calibration. From the figure, it’s evident that higher filler
loadings lead to an increase in depercolation strain, with a
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corresponding reduction in gauge factor over most of the
usable strain range. Additionally, the rate of increase in gauge
factor with respect to strain is lower for higher filler loadings.
Hence, stretchable nanocomposites with high conductive filler
contents are the most suitable for sensing over large strain
ranges, whereas low filler loadings can be employed to make
more sensitive measurements over smaller ranges.

For low-modulus composites with high filler content featuring
densely interconnected conductive filler networks, small defor-
mations should have a minimal impact on the number of par-
ticles forming one conducting path or the number of conducting
paths facilitating end-to-end conduction. Composites with low
filler contents, however, are subject to large variations in the
number of conducting paths when exposed to high tensile
strains. The nature of these variations is highly complex and stat-
istical, but with the following assumptions, some approximations
about their strain-related behaviour can be made using the
depercolation model that is presented in this work.

For a sufficiently well dispersed nanofiller network, we can
approximate that at zero strain, the fillers within conductive
pathways have a uniform separation of s,. For a low filler
density in this configuration, the cross-sectional area over
which tunneling occurs between fillers is small. Any change in
this area with strain is expected to have a negligible effect on
the overall resistance in comparison to that of the increase in
separation of fillers, as demonstrated in eqn (3). For the sake
of our model then, we can assume that this area is indepen-
dent of strain and that the number of particles forming one
conducting path remains constant at all strains (L = L), so
only the interparticle separation and the number of conduct-

ing paths are changing as a function of strain:
R _ Ny s
Ry

(9)

If we also assume that when a tensile strain, ¢, is applied to
the composite, this translates to a uniform and unidirectional
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£ 5w
T 10 S
£ 0§
= o]

25 8
0 0
04 05 06 0.7 08
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(a) Gauge factor of SR/rGO strain sensors with filler contents ranging from 0.42 vol% to 0.79 vol% as a function of strain, as predicted by the

depercolation model. (b) Depercolation model parameters as a function of filler content. Data from calibration of SR/rGO strain sensors with con-
ductive filler contents from 0.42 vol% to 0.79 vol%. Error bars represent the standard deviation from testing three specimens for each loading. On
the left axis tunneling sensitivity has been fitted to an inverse cube root (black line). On the right axis the depercolation strain has been fitted to an

exponential trend as a guide for the eye (red line).
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strain to the entire filler network, then we can make the follow-
ing substitution,

R N,
R WO (e + 1) exp(yso€)

(10)
Equating this form of the tunneling resistance equation
with the resistance predicted by the depercolation model in
eqn (7) allows us to solve for the tunneling sensitivity, Gq,
giving the following:
Ga = S0 + kn (11)
The first term is determined by the height of the potential
barrier for tunneling between fillers, and the interparticle sep-
aration of the filler at zero strain. The second term, the
network decay constant, ky, is dependent on the rate of the
breakdown in the conducting network with increasing strain.
It is defined by the following equation, which models the
number of conducting pathways, N, in relation to increasing
tensile strain,

(12)

Nl =(e+1) (1 - i) e hwe

0 &d

It can be shown however that for robust conductive net-
works, where N is large,
1
Ga=yso——+1 (13)
€d
From eqn (11), we can see that the tunneling sensitivity, G,
depends on the work function of the materials and the inter-
particle separation of the filler at zero strain, s,. The former
being a function of the choice of materials forming the compo-
site, and the latter being determined by filler dimensions,
filler orientation, filler volume fraction and dispersion state.
Additionally, the resilience of the conducting network with
respect to increasing tensile strain has an impact on the tun-
neling sensitivity, represented here by kyn. These network
effects can influence tunneling sensitivity to varying degrees
depending on, among other things, filler loading, dispersion
state, and sensor dimensions. However, except in extreme
cases where the network rapidly breaks down under minimal
strain (eq < 1), the relative contribution to G4 is small com-
pared with that of the first term. This is evident from eqn (13)
where the term for network effects is expressed in terms of the
depercolation strain (see section 4.1 of the ESIT for derivation).
Fig. 5b shows the variation of depercolation strain and tun-
neling sensitivity of SR/rGO composites as a function of
volume fraction of filler. Empirically we can observe that the
depercolation strain follows an increasing exponential trend
with respect to filler volume fraction (* = 0.99). The tunneling
sensitivity decreases following an inverse cube root depen-
dence on filler volume fraction. This is consistent with the
heavy dependence on decreasing separation of fillers shown in
eqn (11) as filler loading increases.
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3.3 Discussion

Although not all nanocomposite systems demonstrate identi-
cal behaviour to the one examined in this study, the founda-
tional principles of tunneling sensitivity, and complete
network breakdown marked by the depercolation strain, are
generally ubiquitous in instances of high-strain stretching.
Particularly in elastomer nanocomposites with low conductive
filler contents, where breakdown of the conductive network
precedes mechanical failure. Therefore, the depercolation
model presented here is expected to find broad applicability in
enabling a comprehensive calibration over the full conducting
strain range of various other soft nanocomposite materials.
However, adaptation of the model may be required in systems
featuring additional alternative piezoresistive mechanisms.
Beyond this, the model serves as a valuable tool for both
describing and modelling piezoresistive systems and their fun-
damental mechanisms within highly stretchable nano-
composite materials. This, in turn, can offer valuable insights
into predicting and designing improved strain sensing
performance.

In a nanocomposite where the fillers are homogeneously
dispersed, if the average interparticle separation between
fillers is within a suitable range, then the majority of filler
sites are close enough to each other to form the tunneling
junctions which constitute the network of conducting path-
ways. When it exceeds the maximum cut-off distance to allow
the exchange of tunneling currents, then the majority of tun-
neling junctions are deactivated and the number of conduct-
ing paths falls rapidly with increasing strain. This cut-off dis-
tance for two parallel graphene sheets insulated with polymer
has been estimated as 2-3 nm.**®*” However, it has been
suggested that many composites showing evidence of tunnel-
ing-dominant conductivity are sustained by conductive fillers
with polymer layer coatings greater than 10 nm thick, support-
ing the theory that a multi-step electron hopping process is
prominent in transport mechanisms through conductive
polymer composites.*® In some studies cut-off distances have
been reported approaching 1 pm (ref. 38-40) although these
unusually high thresholds are believed to rely upon the pres-
ence of impurities and additives within the polymer.

For nanocomposites of low filler contents such as the ones
studied in this work, we can predict that the strain sensing
sensitivity at high strains is dominated by the creation and
destruction of conducting pathways. Whereas improving sensi-
tivity over the whole strain range can be achieved by maximis-
ing the tunneling sensitivity. This is supported by the equation
for gauge factor according to the depercolation model (eqn
(8)), in which G4 is dominant for all strains below the deperco-
lation strain, &4, apart from at the highest strains (¢ ~ &),
where the behaviour of the gauge factor becomes asymptotic
with increasing strain. Eqn (11) shows that tunneling sensi-
tivity increases with an increase in the interparticle distance at
zero strain, s,. Due to network effects though, this increase can
be counteracted if the depercolation strain is lowered to much
less than 100%. Given the range of values for Gy and &g
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measured in this study (see Fig. 5b), we expect the effects of
any changes in interparticle separation to significantly out-
weigh those related to network effects, apart from in extreme
cases such as very high degrees of agglomeration or filler con-
tents being very close to the percolation threshold. To gain
some control over the gauge factor then, it may help to under-
stand how tunneling sensitivity can be affected by composite
properties which dictate the spatial configuration of the filler
network (e.g. filler dimensions, alignment of fillers and dis-
persion state).

It is expected that using fillers with a higher aspect ratio
will lead to a lower percolation threshold since the average dis-
tance between adjacent particles should be lower for the same
volume fraction.>® In the case of nanocomposites with platelet-
like fillers, using considerations of interparticle distance, we
predict that any change in filler dimensions, which leads to a
decrease in percolation threshold, is counteracted by a
decrease in the tunneling sensitivity (see section 4.2 of the
ESIt). The trade-off that filler dimensions presents between
higher sensitivity and lower percolation threshold for a given
loading is in line with predictions made by other models relat-
ing to gauge factor and percolation threshold.*' However, in
most cases when the percolation threshold is lowered, it is
likely that the same tunneling sensitivity or greater may sub-
sequently be recovered at a lower filler loading. It should also
be noted that polydispersity can have a significant effect, as
the behaviour of a percolating network is highly sensitive to
the distribution of filler shapes and sizes.**

In terms of filler orientation, the preferential alignment of
fillers in nanocomposites can lead to reduced connectivity
between fillers, often resulting in higher percolation
thresholds.*****® When compared with highly aligned con-
figurations, 3D random orientation offers a higher probability
of forming percolating pathways.*® However, in many cases,
the method used to produce filler alignment in nano-
composites induces a spatial reconfiguration of the filler
network such that it is hard to decouple the effect of filler
orientation from the effect of the change in overall dispersion
state. For example, Wu et al.” used an electric field to induce
the alignment of graphene nanoplatelets (GnPs) in epoxy
nanocomposites, leading to the formation of a highly direc-
tional chain-like structure of bundled GnPs which significantly
lowered the percolation threshold.

Within a uniformly dispersed network, we predict that a
high degree of alignment of anisotropic fillers in the direction
of strain would decrease the average interparticle separation,
and therefore decrease the tunneling sensitivity overall (see
section 4.3 of the ESI}). Of course, relying on increasing filler
separations to increase tunneling sensitivity necessarily means
that networks are able to undergo less strain before tunneling
junctions are deactivated, manifesting as a reduced depercola-
tion strain (and overall lower working range of the strain
sensor). The choice between high sensitivity and large working
ranges is well discussed in the literature. Most notably, Boland
used the Krauss model to formalise an approximate relation-
ship between the working range of linear nanocomposite
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strain sensors and their gauge factors.” In the low strain limit,
this trade-off is even clear within the depercolation model.
Taking the Taylor expansion of eqn (7), it can be shown that,

AR 1
R—o ~ (Gd + a)e

The term in parentheses now matches the definition of the
gauge factor (eqn (1)). This indicates that for low strain appli-
cations, the gauge factor of resistive-type composites can be
maximised either by increasing the tunneling sensitivity, or
equally, by adopting network configurations with a lower
depercolation strain (e.g. inhomogeneous/highly clustered dis-
persion of fillers).

The formation of an effective conductive network requires
the filler to be dispersed through the polymer matrix to form
end-to-end conductive pathways. In the case of a poor quality
of dispersion, the existence of bottlenecks (where all current is
forced to flow through a single interparticle junction) can limit
the conductivity of the composite.*"*® In contrast to mechani-
cal characteristics,” an uneven filler dispersion can actually
enhance the electrical properties of nanocomposites. The pres-
ence of aggregated structures interconnected by individual
fillers is able to decrease the percolation threshold and
increase the conductivity compared with uniform
dispersions.®%39>2

In the case of nanocomposites with randomly dispersed
filler networks, a high degree of aggregation would likely lead
to a piezoresistive response dominated by large filler separ-
ations in between aggregated clusters. Tunneling sensitivity at
low tensile strain may be higher as a result of these elevated
interparticle separations. However, with tunneling currents
between diverging clusters being cut off at relatively low
strains, the conductive network will terminate much earlier,
and the sensor’s working range would be severely inhibited as
a result. Moreover, an excessive dependence on network effects
introduces random variations into the piezoresistive behav-
iour, diminishing the repeatability of sensing performance.
Therefore, a well dispersed nanofiller network is highly desir-
able for strain sensing.

Similarly, the successful calibration of nanocomposite
strain sensors hinges on having an efficient transfer of strain
to the filler network. The effect of nanofiller slippage on the
stability of the conductive network with respect to strain
makes the piezoresistive response less predictable, as well as
potentially negatively impacting strain sensing sensitivity. To
mitigate these effects, achieving sufficient interaction between
filler and matrix is crucial for optimising strain sensing behav-
iour and realising a reliable calibration.

(14)

3.4 Wearable sensor demonstration

A wearable sensor demonstration was conducted in which
repeated bending motion of the proximal interphalangeal
joint was monitored using an SR/rGO film (0.62 vol%),
mounted to an index finger (Fig. 6a). Fittings to two separate
models (depercolation and exponential) were performed,
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Fig. 6 Wearable device demonstration. (a) Finger bending experiment where strain is determined by tracking distance between dots drawn on the
sample. (b) Resistance measured through sensor (in black) shown on a logarithmic scale, and strain (in red) monitored via motion tracking on a
camera, both plotted against time over a three flexions of increasing magnitude (approximately 40—90°).

using resistance and strain data obtained from the largest
monotonic strain ramp within the dataset. The resulting
fitting parameters were used to calibrate the sensor output to
predict the strain undergone by the sample during repeated
bending.
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Fig. 6b shows the strain plotted in black (left axis) from
three sequential joint flexions of increasing magnitude. The
resulting change in resistance plotted in red on a logarithmic
scale (right axis), roughly mirrors the strain curve, suggesting

that the piezoresistive response of the material scales approxi-
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Fig. 7 Calibration of wearable sensor monitoring finger bending motion (top) using data from the ramp with the highest strain range (bottom). (a)—
(c) Strain output by sensor when calibrated using (a) depercolation model fitted across full strain range. (b) Exponential model fitted across full strain
range. (c) Exponential model fitted up to strain of 47.9% (yielding maximum R? value). (d—f) Fitting of model to data to attain calibration parameters.
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mately exponentially with strain. Notably though, the align-
ment is less accurate in the first peak, which spans a lower
strain range, compared with the two higher peaks. This obser-
vation can be attributed to the fact that, at high strains, the
piezoresistivity ~diverges from the exponential trend.
Consequently, when employing a strictly exponential model
for calibration, some inconsistency in accuracy is anticipated
between low and high strain ranges.

By calibrating using the depercolation model, we see in
Fig. 7a that the strain interpreted by the sensor is in good
agreement with the real strain measured using motion track-
ing. The model can maintain high accuracy over a broader
range of strain amplitudes by incorporating the deviation from
the exponential trend in piezoresistivity that occurs at high
strains (see Fig. 7d).

This distinction is illustrated more clearly in the two appli-
cations of the exponential model for calibration in Fig. 7.
When the fitting over the whole strain range, as in Fig. 7b and
e, the accuracy in the low range is poor. In Fig. 7c and f, fitting
to the exponential model is performed only in the lower strain
region, before the piezoresistive response diverges from the
exponential trend. This results in a high level of accuracy in
the low strain range, however higher strains are drastically
overestimated (Fig. 7c), meaning the calibration limits the
reliability of the sensing material to only a fraction of its con-
ducting strain range. In contrast, the depercolation model
demonstrated effectiveness in accurately predicting strain over
ranges that almost entirely cover the conducting strain range
of the material.

4 Conclusions

In summary, following a discussion on the various approaches
for the calibration of resistive-type strain sensors, the electrical
depercolation model for the piezoresistivity of conductive
nanocomposites is presented. Using two well defined para-
meters, the tunneling sensitivity, G4, and the depercolation
strain, &4, this new model allows for calibration over the entire
conducting strain range of stretchable nanocomposite sensors.
The model is shown to fit example data from SR/rGO nano-
composites exceptionally well and is deemed to be particularly
valuable for soft elastomer nanocomposites of low conductive
filler content, for which the effects of network breakdown
precede mechanical failure.

Provided some fundamental understanding on the primary
piezoresistive mechanisms driving the electromechanical
response in a nanocomposite system, the proposed electrical
depercolation model is a valuable tool for describing and mod-
elling the resulting performance metrics. This, in turn, yields
valuable insights for predicting strain sensing capabilities. In
our analytical modelling, we establish a relationship between
sensitivity and separation of fillers, broadly applicable to any
mixed-phase conductive nanocomposite. Factors such as filler
dimensions, filler orientation and dispersion quality, and their
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effect on sensitivity and working range are thereby discussed
in the context of interparticle distance modelling.

Although widely applicable to highly stretchable nano-
composites strain sensors, the electrical depercolation model
should only be valid for devices with conductive filler networks
consisting predominantly of fillers not always in contact.
Depending on design and filler types, other piezoresistive
mechanisms may be present that cause the electromechanical
response to vary in form compared to that which is being
studied here.

The development of highly stretchable and accurate flexible
nanocomposite strain sensors will be foundational in unlock-
ing a number of advanced technologies. Our approach rep-
resents an important advancement toward realising the poten-
tial of stretchable nanocomposites for strain sensing, while
also deepening our understanding of flexible strain sensor
behaviour.
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