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ABSTRACT

Highly stretchable sensors based on graphene nanoplatelet (GNP) reinforced polydimethylsiloxane
(PDMS) are manufactured for human motion monitoring purposes. The strain sensing analysis shows
ultra-high gauge factor (GF) values from 40 to 300 at low strain levels up to 10° at high deformations at
tensile conditions, and a decreasing sensitivity as GNP content increases. The compressive behavior
shows an initial decrease of the electrical resistance, due to the prevalence of in-plane mechanisms,
followed by a stable increase, due to the prevalence of out-of-plane mechanisms. In this regard, the
Electrical Impedance Spectroscopy (EIS) analysis shows an increase of the complex impedance with
increasing compressive strain. The equivalent RC-LRC circuit allows to explain the electrical mechanisms
governing the compressive behavior, where the LRC element denotes the contact and intrinsic resistance
and the RC element the tunnelling effect. Finally, a proof of concept of human motion monitoring proves
the capability of the scalable and easy-manufactured sensors to detect frowning, raising eyebrows,
blinking, breathing, blowing and, even, vocal cord motion, where each phoneme follows a unique

pattern, with a robust electrical response.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, the use of flexible wearable sensors for human mo-
tion monitoring is gaining a great deal of attention. One of the most
common types of flexible and stretchable strain sensors is based on
the use of carbon nanoparticles as reinforcement in polymer
matrices [1,2]. The basis for the development of these kind of
sensors lies in the physical principle that the addition of carbon
nanoparticles into these insulating systems allows the creation of
percolating electrical networks, promoting the enhancement of the
electrical conductivity [3]. In fact, the determination of the perco-
lation threshold in these nanocomposites, that is defined as the
volume fraction where the insulating material becomes electrically
conductive, has attracted the attention of numerous researchers as
it is a key parameter of the electrical properties. For example, the
percolation threshold for carbon black (CB) usually is in the range
from 2 to 10%, for carbon nanotubes (CNTs), around 0.05—6% and
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for graphene nanoplatelets (GNPs), 2—12%, depending on the ge-
ometry of the nanofiller and the dispersion procedure [4]. In these
types of systems, the electrical properties are governed by three
mechanisms: the intrinsic resistivity of carbon nanoparticles, the
contact resistance between adjacent nanoparticles and the
tunnelling effect between neighbouring ones. Thereby, when these
nanocomposites are subjected to strain, the distance between
adjacent nanoparticles and surfaces in contact between overlying
ones are modified, causing changes in the global conductivity of the
material as the electrical resistance associated to contact and
tunnelling effect is also modified [5—7]. Therefore, these facts, in
combination with the intrinsic piezoresistive response of the car-
bon nanofillers, make these nanocomposites very sensitive to me-
chanical deformations.

In recent years, developments that use different materials have
been widely studied with the aim of obtaining flexible and
stretchable sensors with a high Gauge Factor (GF), defined as the
change of the electrical resistance divided by the applied strain,
manufacturing by low cost and easy-scalable process. Some studies
dealt with the manufacturing of thin graphene films deposited
uniformly on the polydimethylsiloxane (PDMS) surface using
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different techniques such as spraying or CVD, showing a GF of
around 10% and a failure strain up to 25% [8—10]. Eco-flex-based
resistive type sensors reinforced with CNTs showed GF of 1—-18
with a linear response [11—13]. Moreover, CNTs/PDMS exhibited a
strain range of more than 40% and high stability, but a low GF
(between 5 and 8) [14,15]. Furthermore, the electromechanical
response of an epoxy resin poly(ethylene glycol) diglycidyl ether
reinforced with CNTs was also studied and its application for hu-
man motion sensing was proved, although the GF values obtained
at low deformations were not so high (below 10) [16]. Alternatively,
CB was used in PDMS in a film form, but it presented lower
stretchability and GF than sensors based in CNTs/graphene [17—19].
The main reason for the different GF depending the carbon nano-
particle lies in the fact that the 2D nature of graphene promotes a
higher tunnelling area between neighbouring nanoparticles so the
interparticle distance can be increased and, thus, the sensitivity in
comparison to 1D or 0D nanoparticles [20]. On the other hand,
natural rubbers or thermoplastic elastomer have been also
commonly used as polymer matrix or support of strain sensors
[21—28]. In every case, they have proved their potential for sensing
applications, although the detection of small strain with a repeat-
able pattern remains to be investigated.

Therefore, this work is focused on the development of highly
stretchable and ultrasensitive strain sensors for the detection of
small human movements based on PDMS reinforced with GNPs. In
this regard, the electromechanical and Electrical Impedance Spec-
troscopy (EIS) analysis have been explored, following a scalable and
easy-manufactured process. The electromechanical analysis
allowed to determine the sensitivity of the electrical response un-
der applied strain, whereas EIS analysis gave a deeper knowledge
about the electrical mechanisms that governs the electrical prop-
erties of the manufactured nanocomposites. The electromechanical
response was carried out under tensile and compressive strain. The
EIS analysis was carried out on pristine and under compressive
conditions to demonstrate the complex impedance sensitivity to
mechanical deformation. Finally, a proof of concept of human
motion monitoring was also carried out from large to very small
strains to validate the applicability of the developed materials.

2. Experimental
2.1. Materials

Nanocomposites were manufactured with GNPs embedded in a
silicone elastomer. GNPs were supplied by XG-Science® with a
commercial name M25. They have an average lateral size of 25 pm,
a thickness of 6 nm, and an electrical conductivity of ~107 S/m
parallel to the surface and ~10? S/m in the transversal direction.
Silicone elastomer was Polydimethylsiloxane (PDMS) with a com-
mercial formula called SYLGARD 184TM supplied by Dow®, which
was manufactured using a mixing ratio of 10:1 between the
monomer and the curing agent. The monomer has a viscosity of
5100 mPa s at room temperature and the mixture between the
monomer and the curing agent has a viscosity of 3500 mPa s.

2.2. Manufacturing of GNP reinforced PDMS sensors

GNP/PDMS nanocomposites were manufactured with 4, 6, 8 and
10 wt% GNPs. The contents were selected to be slightly above the
percolation threshold. GNPs were dispersed in the polymer matrix
by three roll milling (3RM) process. It consisted in a progressive
reduction of the gaps between consecutive rolls rotating at
different speeds in a proportion 1:3:9, where the last roll rotated at
250 rpm. This process induces high shear forces on the mixture to
disaggregate GNP agglomerates. The parameters of the 3RM
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process were based on a previous study [29], and it consisted of a
single cycle with a 120 um gap first roll and 40 um gap last roll as it
was proved that increasing number of cycles promoted a possible
damage in the nanoparticles.

Following the dispersion procedure, the mixtures were degasi-
fied under vacuum conditions in a magnetic stirrer during 10 min at
100 °C to removing the possible entrapped air. After that, the curing
agent was added in 10:1 proportion and mixed at room tempera-
ture. Finally, the mixture was poured in the corresponding steel
mold previously smeared with two layers of release agent (Frekote
700NC LOCTITE®) and they were cured in an oven at 125 °C to
20 min, as indicated in the commercial silicone elastomer data
sheet.

2.3. Microstructural characterization

To evaluate the dispersion state reached for GNP/PDMS with
these processing, the fracture surfaces under cryogenic conditions
were analyzed by means of Scanning Electron Microscopy (SEM)
using a S—3400N machine from Hitachi. The nanocomposite cry-
ofractures were coated by a thin layer of gold for a proper
characterization.

2.4. Electrical conductivity measurements

The electrical conductivity was evaluated using a Source Meter
Unit instrument (Keithley 2410). It was determined by calculating
the slope of the current-voltage curve at 0—100 V for 4 and 6 wt%
GNP and at 0—15 V for 8 and 10 wt% GNP, due to the higher con-
ductivity expected in the last ones. For these experiments, three
samples with 60 x 20 x 3 mm> dimensions were tested. Four
electrodes made of copper wires were attached with silver ink to
the sample to make a four-probe measurement. This schematic
configuration is shown in Fig. 1a.

2.5. Electromechanical tests of GNP/PDMS strain gauges

The strain monitoring capabilities of GNP/PDMS materials were
analyzed in tensile and compression tests. These tests were carried
out in a universal testing machine Zwick Z100 with a load cell of
500 N. On one hand, four tensile specimens of each condition were
analyzed accordingly to ISO 527—1:2019, specifically, at a test rate
of 10 mm/min. On the other hand, at least two compression spec-
imens of each GNP content with 30 x 20 x 12 mm? dimensions
were tested with a preload of 1 N and at a test rate of 1 mm/min.

Simultaneously to the mechanical tests, the electrical resistance
was recorded using a digital multimeter Agilent DMM 34410A. In
case of tensile test, two electrodes made of copper wires were
attached around the nanocomposite surface in the center of the
sample at 30 mm, using conductive silver ink to minimize the
contact resistance, as shown Fig. 1b. For compression test, the
copper electrodes were attached with silver ink to the upper and
lower sample surfaces, as can be seen in Fig. 1c.

These tests allowed to determine the Gauge Factor (GF), that can
be defined, as commented before, as the normalized resistance
change (AR/Rq) divided by the applied strain (¢), as shown in
equation (1):

_4R/Ro

&€

GF (1)

Moreover, in order to study an electrical stable repeatability,
GNP/PDMS tensile and compression specimens were subjected to
continuous bending and releasing for 200 cycles up to 1% strain
level, at a fixed rate of 15 mm/min.
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Fig. 1. Schematics of electrode's disposition in (a) conductivity measurements, (b) tensile and (c) compression test for strain monitoring characterization, (d) EIS measurements and
(e) proof of concept of human motion monitoring. (A colour version of this figure can be viewed online.)

2.6. Electrical Impedance Spectroscopy (EIS)

The Electrical Impedance Spectroscopy (EIS) response was
studied by analyzing the 30 x 20 x 12 mm? samples in an AUTOLAB
PGSTAT302 N potentiostat. The samples were sandwiched between
two symmetric clean and polished stainless-steel electrodes and
introduced in a pressure cell to guarantee and control the distance
between de two electrodes, that is, the strain level of the nano-
composite, as can be seen in Fig. 1d. The nanocomposite area in

236

contact with the stainless-steel electrodes was painted with silver
ink with the aim of enhancing the electrode-nanocomposite
contact.

The AC impedance of the samples was measured at room tem-
perature using a frequency range between 1 MHz and 100 Hz and
an amplitude of 30 mV. Three measurements were analyzed
applying pressure with the cell to each nanocomposite, which it
was quantitatively evaluated by three distances between the elec-
trodes (9, 10.5 and 12 mm, approximately). Finally, the Nyquist
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plots (imaginary contribution of impedance Z” vs real contribution
Z') were fitted to an equivalent circuit to explain the physical
meaning of the system.

2.7. Proof of concept

To analyze the viability in human motion monitoring applica-
tions, two 6 wt% GNP sensors with 65 x 16 x 1 mm® and
40 x 12 x 1 mm? dimensions with copper electrodes attachments
were used by fixing nanocomposites on a human neck and face
(Fig. 1e) with an adhesive layer, as a proof of concept. Specifically,
monitoring vocals cords vibration (spelling vowels), blinking,
blowing, breathing, frowning, and raising eyebrows movements.

3. Results and discussion
3.1. Electrical conductivity measurements

Electrical conductivity measurements are summarized in Fig. 2.
It can be observed that an increasing in the GNP content leads, as
expected, to an increase of the electrical conductivity of the
nanocomposites; explained by the increasing number of electrical
pathways. Furthermore, the electrical conductivity results proved
that the percolation threshold, that is, the minimum GNP fraction
that allows the creation of electrical pathways was less than 4 wt%.

On the other hand, when comparing the results with other
studies using epoxy systems and the same nanoparticles, but
dispersed by ultrasonication, it can be observed that, at low GNP
contents (4 and 6 wt%), the electrical conductivity values are
considerably higher [30,31].This is explained by the positive effect
of three roll milling process, that induces a much lower breakage
effect over the nanoparticles than ultrasonication technique. In fact,
it has been observed that the modification of the three-roll milling
process with one cycle leads, also, to a lower breakage of the
nanoparticles themselves, resulting in a more efficient electrical
network than other methods with a progressive reduction of the
gap between rolls in subsequent cycles [29]. Therefore, the pro-
posed method provides a good dispersion combined with a low
breakage of GNPs.

The good GNP dispersion was also confirmed by the SEM anal-
ysis of cryofracture surfaces. Fig. 3 shows a homogeneous distri-
bution of nanoparticles in the samples with different GNP contents,
where the nanoparticles are marked with red arrows. Here, it can
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Fig. 2. Electrical conductivity measurements of GNP nanocomposites. (A colour
version of this figure can be viewed online.)
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be observed that, by increasing the GNP content, the number of
nanoparticles observed in the fracture surfaces is higher, as well as
their tendency to form aggregates (Fig. 3f and h). However, in any
case, there are no significant agglomerates in the samples, which
explains the high efficiency of the electrical network generated.

3.2. Electromechanical response

Some examples of the electromechanical response under tensile
load are shown in the graphs of Fig. 4a. Here, some interesting facts
can be stated. On one hand, a very pronounced exponential elec-
trical response can be observed with the applied strain. This is
mainly attributed to the tunnelling effect between adjacent nano-
particles, that, accordingly to the well-known Simmons’ formula
[32], follows a linear-exponential behaviour. In this case, this
exponential behaviour with the applied strain is more prevalent,
due to the 2D nature of the nanoparticles. More specifically, the
tunnelling area between adjacent GNPs is much larger than in the
case of CNTs. Therefore, the minimum distance between adjacent
nanoparticles to guarantee a tunnelling effect can be increased in
comparison to CNTs, leading to a more prevalent exponential
response.

In this type of sensors, it is important to analyze the influence of
GNP in mechanical properties, but more specifically in the
maximum values of strain, as is widely discussed in Supplementary
Information. Here, the nanocomposite that contains 6 wt% GNP
reached a maximum strain level similar to neat PDMS (around
70%), but a reduction of more than 40% in this property for 8 and
10 wt% GNP is reported, as reported in the Supplementary Infor-
mation (Figs. S1 and S2).

On the other hand, the very high failure strain values also lead to
a higher prevalence of exponential effects during the mechanical
test. In this regard, only the 8 and 10 wt% GNP samples are able to
monitor all the mechanical tests, whereas the samples at 6 and 4 wt
% GNP experienced a loss of electrical contact at 1.5 and 15% strain,
respectively, as can be observed in the detailed graphs at low strain
levels of Fig. 4b.

In this regard, a detriment of 20% in the tensile strength is
observed when GNP are introduced. Moreover, a reduction of more
than 40% in strain at failure for 8 and 10 wt% GNP is reported, that is
not appreciated for 4 and 6 wt% GNP. Thus, the nanocomposite that
contains 6 wt% GNP reached a maximum strain similar to neat
PDMS, which reinforces the reasons for using this sensor as
optimal.

In this regard, the graph of Fig. 4c show the GF values as a
function of applied strain for the different conditions. As com-
mented before, the electrical sensitivity increased with the applied
strain due to the exponential behaviour of the electrical response.
More specifically, the GNP doped PDMS sensors showed high
values of GF at low strain levels (from 40 to 300 at e = 2.5%) and an
ultrasensitive response at high strain levels (around 10° at e = 40%),
five or six orders of magnitude above conventional metallic gauges.
In particular, the 6 wt% GNP sensors, showed an ultrasensitive
response also at relative low strain levels (GF of around 10° at
e = 10%). As commented before, these GF values are much higher
than similar sensors reinforced with CNTs [16], due to the 2D nature
of the GNPs, which a much more pronounced exponential behavior
of the electrical resistance with the applied strain.

In addition, by analysing the effect of GNP content, it can be
observed that an increase in the GNP amount leads to a decrease of
the GF, due to the lower distance between adjacent nanoparticles
which induces a lower variation of the electrical resistance.
Therefore, as expected, the closer to the percolation threshold, the
higher the sensitivity of the system, although the loss of electrical
contact also takes places earlier.
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(8) (h)

Fig. 3. SEM images of fracture surfaces of (a—b) 4, (c—d) 6, (e—f) 8 and (g—h) 10 wt% GNP samples where the red arrows denote the presence of GNPs. (A colour version of this figure
can be viewed online.)

Fig. 5a summarizes the electromechanical response under [20,33], and can be easily explained by the interactions that take

compression load. Here, an initial decrease of the electrical resis- part between nanoparticles correlated to the mechanical response
tance is observed, followed by an exponential increase, as can be of the sample during the compression test (schematics of Fig. 5b).
observed in the detailed graphs. This fact was previously described The initial decrease is associated to the in-plane mechanisms
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Fig. 4. Strain-sensing response of GNP-PDMS sensors under tensile conditions showing the variation of the normalized resistance with applied strain (a) during all the test and (b)
under low values of strain and (c) GF value as a function of applied strain. (A colour version of this figure can be viewed online.)

between neighbouring GNPs, that leads to a reduction in the
tunnelling distance (Fig. 5¢) and, thus, to a reduction of the elec-
trical resistance associated to this phenomenon. However, when
increasing the compressive strain, the out-of-plane mechanisms
take a main role in the electrical response of the nanocomposite.
Here, due to Poisson's effect, the distance between neighbouring
GNPs increases (Fig. 5d), leading, thus, to an increase in the
tunnelling resistance [34].

In this regard, Fig. 5e summarizes the GF for the different con-
tents as a function of the applied strain. In this case, a significative
reduction of the sensitivity was observed in comparison to the
tensile tests, as expected. When comparing the GF values among
the different GNP contents a combined effect is observed. On one
hand, the samples with the lowest GNP content (4 wt% and 6 wt%)
showed the highest sensitivity to compressive strain at the initial
stages, as expected due to the higher interparticle distance which
induces a higher variation of the electrical resistance of the in-
plane mechanisms. When increasing the applied strain, a change
in the behaviour was observed and, for medium values of strain
level, the highest contents (8 wt% and 10 wt%) also showed the
highest sensitivities. This is explained by the change in the preva-
lent electrical mechanisms from in-plane to out-of-plane mecha-
nisms. At this strain levels, both mechanisms are balanced, so low
values of GF are observed for every content. Finally, at the last
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stages of the compressive tests, the samples with the lowest GNP
contents showed again the highest GF, because of the prevalence of
the previously mentioned out-of-plane mechanisms, which also
depends on the tunnelling distance between neighbouring
nanoparticles.

Finally, Fig. 6 shows the electrical response under repetitive
tensile and compression cycles to study the stability of the manu-
factured sensors. The samples with 4 wt% GNPs were not tested as
the loss of electrical contact was observed at very low strain levels,
as commented before. Moreover, the mechanical response recorded
in these tests is shown in Supplementary Information.

Regarding tensile cycling test (Fig. 6a and b), two important facts
can be stated: on one hand, the sensitivity under cyclic load at low
strain levels (¢ = 0.01) is very high (with resistance changes up to
60%) and increases with decreasing GNP content, as expected. On
the other hand, some irreversibility in the electrical response can
be noticed, especially in the first cycles with a general reduction of
the sensitivity. This has been previously observed in other studies
[25], and is correlated to the continuous destruction and recon-
struction of the GNPs networks during the stretching-releasing
process until a stable GNP network is achieved. In any case, the
response under cyclic strain was quite stable, proving their po-
tential as wearable sensors.

Regarding compression cycling tests (Fig. 6¢c and d), a similar
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Fig. 5. (a) Electromechanical response under compressive load for the different GNP-PDMS conditions; schematics of (b) compressive test, (c) in-plane and (d) out-of-plane contacts
between neighbouring nanoparticles and (e) GF value as a function of applied strain. (A colour version of this figure can be viewed online.)
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behavior is observed than explained for cycling tensile test. How-
ever, the sensitivity at low strain levels (¢ = 0.01) is high, but much
lower than reported in tensile test, reaching resistance changes up
to 10% with 6 wt% GNP nanocomposites. This effect can be
explained due to the lower GF in compression conditions, as
described above. Furthermore, some irreversibility that is man-
ifested in a progressive decrease in the normalized resistance can
be noted in the first cycles since combine effect of the continuous
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destruction and reconstruction of the GNPs commented before,
with the fact that the force applied to achieve the same strain is
higher in the first cycles (Fig. S2b of Supplementary Information).
After these first cycles, the electrical response showed a much more
stable value. Moreover, this irreversibility is quite higher in case of
compression cycling tests. This can be explained due to the lower
sensitivity at this load condition, leading to a higher prevalence of
the irreversible phenomena.
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of the first compression 10 cycles. (A colour version of this figure can be viewed online.)

3.3. Complex impedance sensitivity analysis

The analysis of the DC response showed an outstanding sensi-
tivity to applied strain, even at low strain levels. Here, the effect of
both GNP content and mechanical strain in the AC response was
explored, to better understand the mechanisms that are involved in
the electrical response of this type of materials.

In this regard, Fig. 7a shows the EIS results for the different
conditions at the pristine state. It can be observed that, by
decreasing the content of GNPs, an increase of the complex
impedance was achieved. More specifically, when focusing in the
EIS response of the 8 and 10 wt% samples (highlighted region of
Fig. 7a), a change in the complex impedance behavior from a
semicircle to a straight line can be observed.

Here, for a better explanation, it is necessary to understand the
electrical mechanisms governing this type of materials. More spe-
cifically, the electrical network can be modelled by a series-parallel

242

circuit composed by an RC element, which corresponds to the
tunnelling effect occurring between adjacent nanoparticles and an
LRC element, corresponding to the intrinsic and contact resistance
between nanoparticles. In this regard, this series-parallel circuit can
be used to fit the experimental data obtained in the tests (Fig. 7b).

Fig. 8 shows the experimental data and the theoretical pre-
dictions by using the previously proposed circuit. It can be observed
that it completely fits the experimental measurements, enabling to
explain the possible interactions inside the network.

In this context, Table 1 summarizes the values of the electrical
resistance corresponding to the RC element, RRC, that is, the
resistance associated to the tunnelling effect between neighbour-
ing nanoparticles and to the LRC element, RLRC, that is, the resis-
tance associated to the intrinsic and contact resistance between
GNPs. Here, it can be observed that increasing the GNP amount
leads to a decrease of the electrical resistance of both RC and LRC
elements, due to the creation of more prevalent electrical
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pathways. More specifically, the reduction in the electrical resis-
tance associated to the LRC element with increasing GNP content is
explained by the creation of more electrical contacts between
adjacent nanoparticles due to the presence of a higher amount of
nanofillers. However, the decrease of the electrical resistance
associated to the RC element is explained by a reduction on the
mean tunnelling distance between neighbouring nanoparticles.

Furthermore, the effect of a compressive strain on the EIS
response was also investigated. In this regard, Fig. 8 also summa-
rizes the EIS analysis as a function of the compressive deformation
of the GNP samples. Here, it can be observed that, in general, the
compressive deformation leads to a drastic change in the EIS
response. A significant increase in the real and imaginary parts of
the complex impedance was observed when stretching the sensors.
This behaviour is in good agreement with the previously explained
electromechanical response under compressive strain. More spe-
cifically, when analysing in detail the EIS curves, several facts can be
stated.

On one hand, it can be noticed that the electrical resistance of
both RC and LRC elements increases with the increasing compres-
sive strain, as also observed in Table 1 This fact is in good agreement
with the electromechanical behaviour at compressive strain
explained in the previous section, where an increase of the elec-
trical resistance was observed. In this regard, it can be also stated

Carbon 192 (2022) 234—248

120 =
= 4GNP
e 6GNP o
10011 4 gGNP SO ]
v 10 GNP
80 . °
i L] B
a
= 60 ° .
N °
40+ e
L]
L
204 4 1
oL il i

0 100 200 300 400 500 600 700

RC element

Tunneling effect

(b)

Fig. 7. (a) EIS curves for the initial state of the different GNP-PDMS sensors and (b) Series-parallel LRC-RC circuit used for fitting the experimental measurements. (A colour version
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that the ratio between RLRC at pristine state (12 mm) and after
maximum compressive deformation (9 mm) increases with the
decreasing GNP amount. This fact can be explained by the higher
sensitivity of the network to the breakage and creation of electrical
contacts when decreasing the number of nanoparticles.

Therefore, the EIS analysis of the complex impedance of the
materials at pristine conditions and after deformation, prove the
high sensitivity of them under mechanical loading.

3.4. Human motion monitoring

Fig. 9 illustrates different examples of human motion moni-
toring by using the proposed PDMS sensors in order to prove their
high sensitivity.

In this regard, Fig. 9a and b show the electromechanical
response when frowning and raising eyebrows. Here, it can be
observed that, in both cases, the sensors were perfectly able to
detect the motion, with a sudden increase of the electrical resis-
tance. In this context, depending on the motion type, the electrical
resistance could present a plateau region, as it was noticed when
frowning (Fig. 9a), or several peaks, as it was observed when raising
eyebrows (Fig. 9b), explained by the high number of muscles
involved in this movement.

Moreover, Fig. 9c shows the electromechanical response when
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Table 1

Values of the electrical resistance of the RC and LRC elements.
Condition  RC element (Q) LRC element (Q)

12 mm 105 mm 9 mm 12mm 105mm 9 mm

4% GNP 335-10° 695-10° 2650-10° 20-10° 45-10° 252-10°
6% GNP 455 664 1500 201 450 1410
8% GNP 58,4 183 1080 31.1 69 175
10% GNP 51,3 177 707 15 17.5 20

blinking, where a sudden increase of the electrical resistance was
again recorded. It increases accordingly to the intensity of the
movement. In addition to that fact, it can be stated that the sensors
are able to detect rapid movements, such a quick blinking, as
observed in the consecutive peaks at the end of the test.
Furthermore, not only facial motion monitoring was carried out,
but the response of the developed sensors was also tested for
blowing and breathing sensing, as shown in the graphs of Fig. 9d
and e. In both cases, a very sensitive response of the sensors was
proved. More specifically, it is possible to distinguish among
different intensities when blowing, reflected in a higher (or lower)
increase of the electrical response. In case of breathing, the noise of
the electrical response was higher. This fact is explained by the
complexity of movements involved when breathing, specially at
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high intensities, where the Adam's apple movement induces a
sudden deformation of the sensor.

Finally, a proof of concept of vocal cord's movements was car-
ried out, as shown in the graphs of Fig. 9f. Firstly, the vowels were
pronounced one by one and, finally, a short message was said to
prove the potential of the developed sensors.

By analysing the graphs of Fig. 9f, it can be observed that the
electrical response behaved accordingly to each phoneme pro-
nunciation. For example, when saying “a”, which is pronounced
“e1”, a double peak in the electrical resistance was observed. The
same was also observed when saying “i” (a1), whereas a single high
peak was recorded when saying “e” (i). In case of “0” and “u”, a
single peak was observed with a plateau, corresponding to both
phonemes (ou and ju:). The electrical monitoring of the “S—0—S”
message, also show a huge sensitivity, with clear peaks in the
electrical resistance corresponding to each letter pronounced. In
addition, it can be observed that the shape for each phoneme is
unique and always follows a similar pattern, with an increase of the
electrical resistance accordingly to the intensity of the voice (higher
variations of electrical resistance correspond to higher intensities,
as expected). Therefore, the results prove an outstanding robust-
ness of the sensors for vocal cord motion monitoring and could
open a wide way for the application of these materials.
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4. Conclusions

The electromechanical and complex impedance response of
highly stretchable sensors made of GNP reinforced PDMS was
investigated.

The analysis of strain monitoring response showed that an in-
crease of the GNP content leads to a decrease on the sensitivity
under tensile conditions due to the reduction in the tunnelling
distance between neighbouring nanoparticles. The values of the GF
were around 40—300 at low strain levels and up to 10° at high
strains, proving an enormous sensitivity of the developed sensors.
During compression tests, an initial decrease of the electrical
resistance was observed, followed by an increase at high strain
levels. It was explained by the change in the prevalence of in-plane
to out-of-plane mechanisms, governed by tensile strain due to
Poisson's effect.

The EIS study was carried out to get a deeper knowledge of
strain monitoring mechanisms. Here, the complex impedance
response can be modelled by a series RC-LRC circuit, where the first
term (RC) denotes the contact and intrinsic and the latter (LRC), the
tunnelling mechanisms. In this regard, the EIS analysis under
compressive stress showed a very sensitive response, which a sig-
nificant increase of both resistance and capacitance associated to
contact and tunnelling mechanisms.

Finally, a proof of concept of human motion monitoring was
carried out. Here, the manufactured sensors were able to detect
frowning, blinking, and raising of eyebrows. In addition, their
sensitivity is high enough to detect breathing, blowing and vocal
cord movements. In the last case, each phoneme is associated to a
unique electrical pattern, whose magnitude depends on the in-
tensity of the voice.

Therefore, the proposed GNP/PDMS sensors with a scalable and
an easy-manufactured system showed an outstanding potential
and applicability for strain-sensing purposes of high and small
movements.
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