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Towards wireless highly sensitive capacitive strain
sensors based on gold colloidal nanoparticles+t

H. Nesser, J. Grisolia, 2 * T. Alnasser, B. Viallet and L. Ressier

We designed, produced and characterized new capacitive strain sensors based on colloidal gold
nanoparticles. The active area of these sensors, made up of a 1 mm? close-packed assembly of gold
nanoparticles between interdigitated electrodes, was designed to achieve measurable capacitance (>~1
pF) and overcome parasitic capacitances. Electro-mechanical experiments revealed that the sensitivity of
such capacitive sensors increases in relation to the size of the nanoparticles. In the case of 14 nm gold
NPs, such sensors present a relative capacitance variation of —5.2% for a strain of 1.5%, which is more than
5 times higher than that observed for conventional capacitive strain gauges. The existence of two
domains (pure capacitive domain and mixed capacitive—resistance domain) as a function of the frequency
measurement allows for the adaptation of sensitivity of these capacitive sensors. A simple low-cost circuit
based on a microcontroller board was finally developed to detect the capacitance variations of such NP
based strain sensors. This low-cost equipment paves the way for the development of an entirely wireless

application set-up.

| Introduction

In many fields, the deployment of sensors is limited by wired
connections, resulting in excess weight, high electrical consump-
tion and the generation of installation problems. Hence, wireless
sensor networks (WSNs) are currently being developed and have
already a large number of applications for both safety-critical and
non-safety critical distributed systems.' As an example, potential
benefits for aircraft systems would include weight reduction, ease
of maintenance and increased monitoring capability. In the
context of such a wireless application, the resistive strain gauges
commonly used for strain measurements have disadvantages
because they are limited by wires, read out with low impedance
and consequently result in high power consumption. By contrast,
capacitive strain gauges are very promising for the development
of WSNs, because such sensors can be implemented in oscillat-
ing circuits whose emitted frequency would correspond to their
capacitance variations. Moreover, they can have lower power con-
sumption by working with AC measurements.

Several conceptions of capacitive strain sensors have
recently been presented in the literature, including parallel-
plate capacitors,>® interdigitated electrodes,*” or even rosette-
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type resistive electrode arrays.® Other types of strain gauges are
based on elastic polymers deposited in different layers.>*°®
Notably, strain sensors based on flexible PDMS filled with
nanoparticles (NPs) are well adapted to a large number of ver-
satile applications in a variety of fields ranging from interactive
electronics,” biomedicine and device implants,'® to robotics"*
and aeronautics. However, all these capacitive strain sensors
unfortunately have very low sensitivities as assessed by a gauge
factor GF¢ around 1 (ref. 12) to 1.45."

One solution for increasing the sensitivity of capacitive
strain sensors would be to exploit the electronic properties
of colloidal NPs. Indeed, assemblies of conductive colloidal
nanoparticles protected by organic ligands have elicited con-
siderable favorable attention for several sensing applications
(gas sensors, temperature sensors ...)."*"” One of the recent
applications based on inter-particle electronic coupling is
strain sensing measurements.'® > Resistive strain gauges were
built from assemblies of colloidal conductive nanoparticles on
flexible substrates. Briefly, the high sensitivity of these devices
is due to the exponential dependence of tunnel resistance on
the separation between adjacent nanoparticles in the NP
assembly.>** The total resistance R of the NP assemblies can
be derived from the association in series and parallel of a
number of tunnel junctions schematized by a parallel R-C
electrical model between two metallic nanoparticles (Fig. S1
ESIt). It can then be roughly expressed as:***°
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where f is the decay tunneling constant which depends essen-
tially on the barrier height, [/ is the distance between nano-
particles, E is the charging energy, kg the Boltzmann constant
and T the temperature.

The electron transport on such NP assemblies thus rep-
resents a function of the tunneling decay and, more interest-
ingly, of the Coulomb charging energy Ec. An electron flowing
through these granular films must consequently overcome the
tunnel barrier length / and also the Coulomb charging energy:

eZ

Eo = —
€7 ac

(2)
linked to the total capacitance C of the NP assemblies, and
where e is the elementary charge. Hence, as it will be shown
below, an inter-nanoparticle distance variation will induce an
overall capacitance variation of the NP assemblies and will be
interesting to exploit in a sensor. In the literature, this term
has been not used as a link for capacitive applications,'® or
simply neglected because of its low impact on the overall
characteristics of the NP assemblies in comparison with f, the
decay tunneling constant.*®** This is why it was probably not
exploited to make capacitive strain sensors.

In this article, we propose to fabricate new capacitive strain
gauges based on assemblies of colloidal gold NPs deposited
between interdigitated electrodes. We design the electrode
structure to increase the overall impact of the capacitance
factor for obtaining highly sensitive capacitive strain gauges
measurable by low-cost electronic equipments.

This work aims to demonstrate the potential of nano-
technology in developing strain sensors which are highly sensi-
tive, low-cost, potentially low consumption, with consistent
reliability, paving the way to wireless applications.

Il Sensor design for optimized
capacitive strain sensitivity

Our modeling is based on the measurement of the C;; capaci-
tance between two colloidal NPs embedded in a dielectric
matrix of permittivity e,. Several models were proposed in the
literature to calculate C;.*'® In this study, we chose the
model of Quinn et al.*® which expresses the junction capaci-
tance between two NPs by the following equation:

Cyj = meoerd In(14-d /1) (3)

where [ is the distance between two nanoparticles, d is the dia-
meter of the nanoparticles, ¢, is the permittivity of the vacuum
and ¢, is the relative permittivity of organic ligands surround-
ing the NPs.

A quick calculation, using the gold NP diameter d = 2r =
7 nm, an inter-particle distance / = 1.2 nm for dodecanethiol
ligands, ¢, = 2.3 typical of self-assembled dodecanethiol shows
that this capacitance is in the order of aF range which is well
below any measurement system used in WSNs. Exploiting this
capacitive feature constrains us to increase the number of

nanoparticles on the NP assemblies in order to take advantage
of their collective effects and get a measurable value. We then
performed modeling of the capacitance of NP assemblies to
design capacitive strain gauges that have capacitance reaching
the range of easy measurement (e.g. ~1 pF) and capacitance
variations greater than disturbances by surrounding parasitic
capacitances (see the ESIf). We proposed to deposit the
nanoparticles on a structure based on interdigitated electrodes
with optimized dimensions (Fig. S2 ESIt): the active area of
the sensors is made of a 1 mm® closed-packed assembly of
gold nanoparticles integrated between interdigitated electro-
des (width = 5 pm and interdigitated distance = 5 pm) (see
Table 1 ESIT). It is worth noting that the chosen dimensions of
the interdigitated electrodes are based on compensation
between the optimum values obtained by simulation and the
fabrication limitations (e.g. laser lithography resolution...). The
total capacitance C of this geometry can be calculated using:

C=k-Cy (4)

where £ is the geometrical factor of the interdigited electrodes
taking into account the capacitances in series and parallel (see
the ESIT).

The derivative of the total capacitance leads to the relative
capacitance variation as a function of strain, NP diameter and
the inter-nanoparticle distance (see the ESIt):

Al
where ¢ = T is the strain applied to the sensor, d is the dia-

meter of the particles, and C is the sensor capacitance.

This gives an analytical expression for the capacitive gauge
factor GF of such sensors defined as the following equation
below:

G&:AWC: d ®)

€ zm(1+§)

This modeling shows that the capacitance gauge factor of
such capacitive strain sensors is a function of the NP and
ligand sizes. Fig. 1a highlights that the increase of the nano-
particle size (given the inter-nanoparticle distance / = 1.2 nm)
increases the variation of capacitance ranging from 3% for
7 nm up to 15% for NPs of 100 nm diameter for 1% of strain.
Fig. 1b shows the evolution of the relative capacitance vari-
ation as a function of the strain for a 1 mmx1 mm sensor with
NPs of 7, 12 and 14 nm diameters. With a 1 mm? sensor, one
could obtain a gauge factor around 5, without taking into
account the variation of capacitance due to the geometric vari-
ation. This sensitivity is five times greater than the one found
in the literature based on the geometric capacitance
variation.®*%3”
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Fig. 1 (a) Theoretical influence of the NP size on the relative capaci-
tance variation for a strain ranging from 0.5% to 2%. (b) Theoretical rela-
tive capacitance variation as a function of strain for NP size ranging from
7 nm to 14 nm.

[l Fabrication of the NP-based
capacitive strain sensors

The essential challenge in the fabrication of the NP-based
capacitive strain sensors was to produce a uniform and defect-
free close-packed assembly of gold nanoparticles over a large
electrode area of 1 mm?®.

First, 7, 12 and 14 nm gold nanoparticles functionalized
with dodecanethiol (C12) organic ligands were synthesized
using two chemical routes. The 7 nm gold nanoparticles were
synthesized following the protocol described by Zheng et al.***°
This procedure was repeated and resulted in a colloidal suspen-
sion of spherical Au NPs in toluene at a concentration of about
2 x 10" NPs per mL as presented in the Fig. S3 ESLt 12 and
14 nm gold nanoparticles were synthesized following the proto-
col described by H. Hiramatsu et al*' This procedure was
further repeated and led to a colloidal dispersion of spherical
gold nanoparticles in toluene at a concentration ~2 x 10" NPs
per ml as presented the Fig. S3 ESL.}

In order to increase the sensitivity of the capacitive strain
sensors on the basis of the theoretical results presented in
Fig. 1a, we tried to synthesize bigger gold NPs in organic
solvent in the range of 20-100 nm using other chemical
routes.”™*? Unfortunately, the colloidal stability of such gold
NPs requires a functionalization with long chain ligands such
as polymers. This gives large internanoparticle distances, thus
leading to large DC resistance exceeding 100GQ.

Ay - A - 85

(a) polyimide film (b) Photoresist (51805) (c) Patterning by laser
deposition photolithography

el -/

(e) Sacrificial layer (d) 50 nm Au layer
removal deposition

nd < 4

(g) Final structure

Ethylene i
glycol Toluene +

(EG) & goldNPs

l Evaporation

(f) Convective assembly technique

Fig. 2 Fabrication process of the capacitive NP-based strain sensors.

Secondly, interdigitated gold electrodes were fabricated on
125 pm polyimide (Upilex) films using the lift-off method
(Fig. 2). A reverse pattern was created in the sacrificial stencil
layer by laser photolithography (see the ESI}). Then, a 50 nm
gold Au layer was deposited over the entire surface of the sub-
strate by IBS-E ion beam sputtering. After lift-off, a 1 mm?
sensor with 50 pairs of interdigitated electrodes 5 pm wide
and 5 pm interdigitated distance was obtained and connected
by external gold electrodes.

Thirdly, the gold NPs were deposited between the interdigi-
tated electrodes by the convective assembly technique. Based on
our previous work on freestanding NP monolayers over stencil
substrates, we chose the liquid/liquid interface using the ethyl-
ene glycol method to assemble NP on the interdigitated electro-
des.'®*® This method involves assembling the nanoparticles at
the level of the meniscus of a drop of colloidal suspension by
evaporation. A 19 pL drop of a colloidal suspension of gold NPs,
coated with dodecanethiol ligands, in toluene was deposited on
top of a 60 pL ethylene glycol (EG) droplet located at the surface
level of the substrates (Fig. 2f). EG was used instead of water to
improve the long range ordering of gold NPs due to its high vis-
cosity and low evaporation rate. In solvent evaporation at room
temperature, gold NPs self-assembled as a close-packed ordered
array at the surface of the EG droplet (Fig. 2f), preferably at the
level of the meniscus of the drop during its evaporation.*”*® As
the EG droplet slowly evaporated over 24 h under mild heating
at 55 °C, the gold NP array was transferred onto the surface of
the substrate covering the entire active zone.

This assembly technique allows depositing a quite uniform
and homogeneous multi-layered nanoparticle film on a large
surface (1 mm?®) (Fig. 3d). At the end of the process, the thick-
ness of the NP films not exceeding the electrode height corres-
ponds approximately to 3 to 5 layers of NPs.

Finally, the electrical contacts can be connected by wires or by
spikes on Au pad electrodes. The final sensor is shown in Fig. 3.

IV Experimental characterization
IV.1 Electro-mechanical response of capacitive strain sensors

The electrical characterization studies of capacitance were
carried out with an impedance analyzer (Keysight E4990A)
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Fig. 3 (a) Optical microscopy image of the interdigitated electrode area
(1 mm?) of the sensors. (b) Zoom-in by scanning electron microscopy
(SEM) of the interdigitated electrodes with a distance of 5 pm. (c, d)
Successive SEM zoom-ins of the assembly of 14 nm gold nanoparticles
between the electrodes.

capable of measuring the lowest capacitances in the order of
fF. Measurement frequencies between f = 50 Hz and 1 MHz,
for the signal produced by the E4990A Impedance Analyzer,
were chosen. Capacitive strain sensors with various nano-
particle sizes (7, 12 and 14 nm) were fabricated, while a
“blank” structure representing the same geometry and without
nanoparticles was produced to act as a reference. An open cali-
bration was carried out with this “blank” reference before each
measurement to eliminate the interdigited electrode capaci-
tance and parasitic capacitances. Prior to testing the mechani-
cal behavior of the strain sensors, an estimation of the sensor
capacitance values was obtained by the electron transport ana-
lysis method which is based on the extraction of the charging
energy using the resistance data as a function of temperature
(see eqn (7) ESIt). A capacitance value of 0.78 pF was deduced
from eqn (2) using the E value extracted by the electron trans-
port measurements performed at rest (Fig. S4 ESIf). This was
achieved by taking an average gold NP diameter 7 nm, an
inter-particle distance / = 1.2 nm for dodecanethiol (C12)
ligands, & = 2.3 typical for dodecanethiol. These capacitance
values are in close agreement with values determined by pre-
viously determined calculations. Moreover, despite the
inherent difficulties in producing reproducible filling of the
interdigitated electrodes by NP assembly over such a large area
of 1 mm? the three kinds of NP-based capacitive strain
sensors had an initial capacitance C roughly around 1 pF,
which agrees well with the theoretical values. In comparison
the capacitance of the interdigited electrodes was around 1.65
pF. The electromechanical measurements were carried out
using the force applied by the uniaxial traction machine
(Deben Tensile Stage 200N) which generates a constant strain

in the flexible substrate. The analyzed strain readings were
taken every 0.1% for characterization of the strain sensitivity
(the associated strength applied to the gauge increased from
0 N to 70 N). Fig. 4a represents the results for a typical capaci-
tance measurement of three sensors with nanoparticles of
various sizes. A large decrease in the relative capacitance as a
function of strain is observed. Moreover, the relative capaci-
tance variation increases as the size of the nanoparticle
increases, with a maximum relative variation of —5.2% for a
strain of 1.5% for the sensor composed of 14 nm NPs, giving a
GF. of approximately 3.5. This behavior matches the theo-
retical predictions presented in the first section. On the
contrary, the structure without nanoparticles only exhibits a
very small decrease («1%, equivalent to a GF¢ = 0.075) in the
relative capacitance as a function of strain due to the variation
relative distance between electrodes.

Fig. 4a further shows that, at such strains, the relative
capacitance output signal of the sensors begins to show the
logarithmic dependence noted in the model presented in the
first section. Further insight can be gained by considering the
error bars of the model. Such error bars can be calculated by
recognizing that different conformations can occur from the
C12 ligands protecting two particles. An initial calculation of
the inter-nanoparticle edge-to-edge distance of gold nano-
particles surrounded by C12 ligand alkyl chains can be
approximated by the ligand length. The small-angle X-ray scat-
tering (SAXS) measurements performed on increasing number
of carbons on the alkyl chain exhibit a linear relationship with

(a) O re.. & s . L N B
b 3 i; < \' .
-2 s ¥ @
r S 9\; e o . &1
L 4 "B,
& " = WithoutNPs “~1v, * 475~ 1
e Exp (7 nm) Sy .
g -6 + Exp(12nm) w2y ]
<4 v Exp (14 nm)
-8 |~ - - -Model (7 nm) |
- -~ -Model (12 nm)
1ol Model (14 nm)
0.0 0.5 1.0 1.5 2.0
Strain £(%)
b T T T ;
(b) _
-3t J
24 -
®)
O ]
<
6 . Experimental measurement 1
7 = Analyticgl model '

5 10 15 20

NP size (nm)

Fig. 4 (a) Experimental and analytical results of relative capacitance
variation AC/C of NP-based capacitive strain sensors as a function of
strain for nanoparticles of three different sizes and a structure without
NPs (f = 10 kHz). (b) Evolution of the relative capacitance variation as a
function of the nanoparticle size at 1% of strain (f = 10 kHz).
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a slope of 0.11 nm per nanoparticles pair unit.’>® The
dodecanethiol C12 ligand can thus be estimated ca. 1.2 nm. In
addition, we performed auto-correlation processing performed
with Gwyddion software using SEM images containing a high
number of NPs to extract the inter-NP distance. We found that
the inter-NP distance can vary between 1.2 nm = 0.4 nm
(Fig. S5 ESIf). We then used the 1.2 nm + 0.4 nm internano-
particle distance to estimate the error bars which are indicated
on the theoretical relative capacitance curve (Fig. 4b).

The slight difference between experimental and theoretical
points can be explained by two phenomena which were not
taken into account in our simple theoretical model. First, we
already observed partial strain transfer from the substrate to
the NP assembly in the case of resistive strain gauges.*?
Secondly, we cannot exclude a reorganization of the ligands
under uniaxial strain which will imply a variation of the sur-
rounding medium of the NPs and then a variation of the rela-
tive permittivity &, (see the ESI{). Our undergoing numerical
simulations tend to show that decreasing the strain trans-
mission coefficient (e.g. from 1 to 0.7) and increasing the rela-
tive permittivity (e.g. from 2.3 to 2.32) both lead to the decrease
of the relative capacitance variation of the sensor under defor-
mation. The difference between experimental and theoretical
points will therefore be reduced significantly. Hence, despite a
slight difference between theoretical and experiment values,
Fig. 4b demonstrates that our simple model corresponds well
with the experiments.

Moreover, the dynamical behavior of our NP-based capaci-
tive strain sensor was evaluated by subjecting it to a series of
bending cycles under tensile mode. For example, a sensor was
stretched and released repeatedly from 0 to 1% strain, at a fre-
quency of one cycle each 50 s. The time-dependence of its rela-
tive capacitance variation is reproducible, as is shown in
Fig. 5, indicating a constant capacitive variation of the sensor
with a small progressive downward drift of the capacitance at
rest with each cycle, as compared to the initial capacitance C.
This kind of drift was previously observed in resistive nano-
particle based sensors.”” Most likely, the NP layer structure
responds to strain with structural rearrangements, resulting in
significant changes of the interparticle distances. This behav-
ior was already depicted in comprehensive Small Angle X-ray
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Fig. 5 Typical time-dependent response of a 7 nm NP-based capacitive
strain sensor undergoing a series of strain cycles between 0 and 1% (f =
10 kHz).

Scattering and Grazing Incidence (SAXS/GISAXS) investigations
on resistive nanoparticle strain sensors.*” In addition, Lindsay
et al.*® reported results suggesting that the charge transport
involves, to some extent, the alkyl chain of the linker mole-
cules. As long as the nanoparticles remain interlinked, such
an electron transport mechanism is less sensitive to changes
in interparticle distances than a charge transport proceeding
without molecular linkages between NPs.

Iv.2 Influence of frequency on the sensor sensitivity

We already documented that gold NP assemblies can act as
resistive strain gauges.*® Our electron transport model analysis
showed that the nanoparticle assemblies have both a resistive
nature given by electrons passing through ligands towards
nanoparticles as well as a capacitive nature given by nano-
particles as carrier reservoirs and ligands as insulators.*® This
suggests that the present capacitive gauges based on similar
NP assemblies do not evince a pure ideal resistive or capacitive
behavior and therefore must exhibit different features as a
function of frequency measurement. This can be a primary
advantage of NP-based capacitive sensors over NP-based resis-
tive gauges since it makes it possible to adapt the overall
sensor features (sensitivity, consumption...) by choosing the
frequency. Indeed, as can be seen on the curves of the imped-
ance module |Z| and phase 6 in Fig. 6a, the NP-based capaci-
tive strain sensors behave differently as a function of the fre-
quency. At low frequency they behave in a quasiresistive
manner while it is necessary to go beyond 1 MHz to have pure
capacitance.
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Fig. 6 (a) Typical module and phase of the equivalent impedance
model for 7 nm NP-based capacitive strain sensor. (b) Evolution of its
relative capacitance as a function of frequency measurements for fre-
quencies ranging from 50 kHz to 1 MHz.
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This frequency dependence is due to the several particular
features of the strain sensors. At low frequency, the sensor
capacitance is affected by the resistance of the NP assembly
and the dispersion capacitance, which is frequency-dependent
and associated with hole or electron emission from slowly
responding deep impurity levels.>" This explanation is corrobo-
rated by temperature-dependent capacitance and resistance
measurements presented in Fig. 7. Indeed, frequency measure-
ments as a function of temperature clearly show that the resis-
tance decreases and the capacitance increases when the temp-
erature increases. Moreover, the slope of the capacitance
curves decreases when the temperature decreases suggesting
that capacitance variations are smaller at low temperatures.
This can be understood in terms of E. and kg7 comparison.
Indeed, at low temperatures, kg7 is much lower than Eg
(~25 meV), making it difficult for electrons to pass from one
NP to another. As a result, the capacitance value of the NP-
based capacitive strain sensors are more effective than at high
temperatures where the electrons can be swept away by
thermal energy. At the same time, the electrons have difficulty
passing from one reservoir to another; this implies an increase
in resistance when the temperature decreases as shown in
Fig. 7a. Hence, the capacitive behavior will be more pro-
nounced at low temperatures explaining why the capacitance
is dependent on the frequency at high temperatures (Fig. 7b).

As the frequency is increased, the frequency-independent
capacitance begins to overcome the resistive behavior of the
sensors, as suggested by the phase signal which approaches
—90 °C (Fig. 6a). As clearly seen in Fig. 6a, the pronounced
capacitance behavior can be estimated to be over 500 kHz for
the 7 nm NP-based sensors. At the same time, Fig. 6b shows
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Fig. 7 Typical resistance—frequency (a) and capacitance—frequency (b)
characteristics of 7 nm NP-based capacitive strain sensor as a function
of temperature.

that the relative capacitance of the sensors is dependent on
the frequency. But as can be seen clearly, this frequency
dependence disappears when the sensor capacitance enters
the “pronounced” capacitance region previously mentioned
(i.e. beyond 500 kHz). However, Fig. 6b reveals that the
GF¢ is frequency dependent and increases for decreasing
frequencies.

Hence, the overall electrical behavior confirms that these
NP-based capacitive strain sensors must be modeled by a resis-
tance and capacitance which are in parallel, as indicated by
Fig. S1 ESLt{ The use of these strain sensors will therefore
require a compromise between a pure capacitive domain (con-
stant relative capacitance with frequency) and an increased
sensitivity for a mixed capacitive-resistance domain. Indeed, it
is worth noting that a greater gauge factor is obtained with our
previously produced resistive strain gauges under the same
conditions.**

V Low-cost capacitive strain
measurements

In order to realize the large-scale wireless deployment of such
sensors, the first step is to build low-cost equipment and verify
that it is sensitive to such low capacitance values. Several
options exist to associate these capacitive transducers with a
conditioning electronic circuit capable of exploiting capaci-
tance variations. It is then possible to use a heterodyne circuit,
insofar as we are able to produce two identical sensors. It
would also be possible to integrate these transducers in an
oscillating circuit whose frequency would follow its capaci-
tance variations. Moreover, the transducers could also be inte-
grated in a simple push-pull circuit. However, before imple-
menting any of these solutions, we tested a very simple and
low-cost assembly based on a Teensy development board using
a 32 bit ARM processor.*’

This microcontroller is interesting because it has a so-
called “touch sensing input” (TSI) module providing capacitive
touch sensing detection with high sensitivity and enhanced
robustness.

The electrode capacitance measurement unit (Fig. 8a)
senses the capacitance of a TSI pin and outputs a 16-bit result.
This module is based on dual oscillator architecture. One
oscillator is connected to the external electrode array and oscil-
lates according to the electrode capacitance, while the other
according to an internal reference capacitor. The pin capaci-
tance measurement is provided by the counted number of
periods of the reference oscillator during a predefined number
of electrode oscillations. The electrode oscillator charges and
discharges the pin capacitance with a programmable current
source to accommodate several different sizes of electrode
capacitances. The electrode oscillator frequency, before being
compared to that of the reference oscillator, goes through a
prescaler and module counter to decrease its frequency and
consecutively increase the measurement resolution and noise
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Fig. 8 (a) TSI capacitance measurement unit block diagram, (b) TSI
electrode oscillator circuit.

Fig. 9 Simple and low-cost measurement method for detecting the
capacitance variations of the NP-based strain sensors at low strain based
on a microcontroller connected to an OLED screen: (top) manipulation
image before strain (bottom) manipulation image after strain.

robustness. Fig. 8 presents the simplified block diagram of
how the electrode capacitance is measured.

The input electrode oscillator (Fig. 8b) is based on a
configurable constant current source used to charge and dis-
charge the external electrode capacitance. A buffer hysteresis
defines the oscillator delta voltage which defines the margins
of high and low voltage which are the reference input of
the comparator at various times. As shown in Fig. 9 when a
strain of 1% was applied to a 12 nm NP-based capacitive
strain sensor the values displayed on the screen decreased
2-3 units while the measurement errors were in the range of
0.005 unit. The difference in these values can be directly
related to the variation in capacitance which is in the order of
hundred fF.

This simple low-cost circuit can detect capacitance vari-
ations generated by our capacitive sensors at such a low strain.

This proves that we have built a low-cost equipment that
paves the way for the development of a whole wireless appli-
cation set-up.

VI Conclusions

We describe the design, fabrication and testing of new capaci-
tive strain sensors based on gold colloidal nanoparticles de-
posited in between interdigitated electrodes created on a flex-
ible substrate. The design of these strain sensors was first opti-
mized thanks to an analytical model in order to achieve
maximum capacitance values and strain sensitivity. The
sensors were then fabricated with the simple and low-cost
technique of convective assembly allowing the deposition of
a close-packed assembly of gold nanoparticles in between
interdigitated electrodes over 1 mm?. Electro-mechanical
experiments revealed that such sensors exhibit measurable
capacitances (>~1 pF) and present sensitivities around five
times higher than those found in the literature for other
capacitive strain sensors. These experimental results are cer-
tainly in good agreement with our analytical model. A series of
bending cycles under tensile mode confirmed the robustness
and reliability of the fabricated sensors. We demonstrated that
the existence of two domains (pure capacitive domain and mix
capacitive-resistance domain) as a function of the frequency
measurement makes it possible to adapt the sensitivity and
the overall consumption of these capacitive sensors. Finally,
measurements of the capacitance variations of the NP-based
capacitive strain sensors at low strain by a simple and low-
cost circuit based on a microcontroller demonstrated that
these sensors are ready for large-scale deployment, paving
the way for the development of a whole wireless application
setup.
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