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Abstract

Due to its easy processability and elastomeric properties, the triblock copolymer
styrene-butadiene-styrene (SBS) is an excellent matrix for the development of
piezoresistive polymer composites, mostly for larger strain composites. Piezoresistive
sensors based in SBS and conductive fillers have been processed by scalable methods,
extrusion and spray printing, allowing the measurement of large deformations up to
20% of strain with low mechanical hysteresis in loading-unloading cycles. The carbon
nanotube (CNT) reinforcement increases the mechanical properties (maximum stress
and strain) and provides electrical properties to the composites. Extruded and spray
printed carbon nanotubes (CNT)/SBS composites show a piezoresistive sensibility
(gauge factor) up to 4 and 2, respectively. Their percolation threshold is near 6 and 1
wt.%, for extruded and spray printed methods, respectively. The excellent piezoresistive
reproducibility, processability and easy integration in structures and devices show the
suitability of those materials for applications, as demonstrated by the implementation of
a hand glove able to measure the movement of the fingers. The electronic readout
systems develop allows, in real-time, measure and save the data points of each
piezoresistive sensor in a remote platform. Thus, the present paper demonstrates the
optimisation, processing by scalable methods, and integration of piezoresistive polymer-

based materials for force and deformation sensor applications.

Keywords: Polymer composites; Piezoresistive; Stretchable materials; Electronic

system; Device application; Thermoplastic Elastomers
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1. Introduction

The fast development of materials science and nanotechnology allows tailoring
materials properties to reach ever more demanding application requirementsl. Thus,
smart and multifunctional materials are of increasing interest from the scientific point of
view and in applications as high performance sensors and actuators®*, being used for
the development of pressure/compression” >, deformation*®, touch®, humidity’ and
temperature* '° sensors, among others''. Within the different areas of interest,
biomedical and structural health monitoring (SHM) evidence a large increase in
research and device applications'* .

Among the most used sensors are the ones used to monitor mechanical variations
related to the application of pressure, deformation or bending'®. Within the different
physical principles and sensors that can be applied, piezoresistive materials and strain
gauges are among the most relevant ones due to their low cost, high sensibility and
repeatability compared others sensor types'®. Thus, the piezoresistive response of
different materials has been explored for the development of strain sensors, including
commercial metal-foil strain gauges', crystalline silicon'®, polymer composites or
intrinsically conductive polymers'’'®. In this way, there are a wide range of commercial
piezoresistive sensors (mainly metallic strain gauges), which can be used for force'”,
pressurezo'21 and inertia” measurements. The major limitation of current solutions,
which has been addressed in the present work, is that they are difficult to apply for large
deformation sensors and also difficult to integrate into devices. Polymer-based

piezoresistive materials can provide solution to those aspects and can be fabricated by

different processing methods from a wide variety of polymers as matrices, including

17, 24 6, 14, 25

epoxies™, thermoplastics and elastomers , reinforced by semiconducting and

: 4, 26
conducting nanofillers™

of different geometries, being mainly carbonaceous fillers
with different aspect ratios®’. The above mentioned parameters have strong influence in
the overall properties of the composites™ and, in particular, in their piezoresistive
response. Polymer composites for strain sensing applications have been prepared with
metallic panicleszg, carbon black®®, carbon nanofibers®®, carbon nanotubes®’ or
combinations of carbon materials’ as fillers and with different polymer matrices, to
tailor the mechanical properties of the composite®.

Thus, polymer-based composites are excellent candidates for the development of

piezoresistive sensors due to their large versatility with respect to their mechanical

2
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properties, lightweight, easy processing, low cost and larger piezoresistive response® **°
3 There are several studies in epoxy and thermoplastic polymer composites for sensing

3338 however these polymers shows a stretchability below 5% of strain,

applications
being comparable to the one of commercial strain gauges™>’. Stretchability, on the other
hand, is one of the main characteristics of elastomeric materials, with large strain and
easy recovery, being the most suitable polymer matrixes for large deformation sensors

applications™ %,

Further, it has been shown that elastomeric composites with
carbonaceous nanofillers show no relevant aging under UV and humidity conditions™
and can be biocompatible3 849 for the development of biomedical applications.

These sensors can be produced by a wide range of polymer processing techniques,
including printing technologies41, such as screen printing, spray printing or inkjet
printing or industrial techniques such as injection moulding or extrusion®* **. This allow
not only low-cost production, but also easy integration into devices or the development
of functional structural parts with integrated self-sensing characteristics™, which is

essential for the development of the industry 4.0 concept®™**

as well as in areas such as
aeronautics or robotics'®.

An essential part of the development of piezoresistive sensors solutions consists in the
corresponding electronic readout system®. The fast development of micro- and
nanotechnologies enabled the miniaturization of sensors and the physical integration of
various functions and signal processing elements in the same substrate, allowing better
integration. Thus, the integrated system can provide real time monitoring® with high
levels of reliability in the parameters being measured and wireless communicated®’.

The piezoresistivity or sensibility under strain is quantitatively expressed as the gauge

factor (GF™) and is defined as the ratio between the relative electric resistance variation

and the mechanical strain applied to the material (¢ = Al/ lo)’ as expressed in equation

1:

AR Ap
GF=A=%+1+2\; 1)

&

where, R is the electrical resistance of the sample without mechanical deformation and
AR 1is the resistance change caused by the variation in length (A/). p is the electrical

resistivity and the v is the Poisson ratio™® . Equation 1 shows that the GF has

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Nano Materials

Ap
contributions from the geometrical effect (1+2v) and an intrinsic component (%)49.

The Poisson ratio values for polymers typically range from 0.35 to 0.5°°. With those
values of the Poisson ratio, the geometric contribution of the GF' can range between 1.7
and 2 (equation 1) and therefore, GF' lower than 2 can be attributed to geometric
contributions and values above 2 are attributed to intrinsic electrical resistivity
variations with the applied strain in composite. Large number of studies have recently
demonstrated that thermoplastic elastomer composites with conducting nanofillers show
significant piezoresistive performance with high sensitivity and mechanical
deformations above 20%°'. These composites can be processed by solvent casting® or
extruded®, and from  commercial to laboratory synthetized®> allowing new
implementation areas, using as stretchable piezoresistive sensors.

In this context, the present work reports on the development of polymer-based
piezoresistive composites processable either by extrusion and by spray printing
techniques, allowing the scalable production of the sensors as well as improved
integration in to devices™. The composites are based on carbon nanotubes (CNT)
dispersed in a thermoplastic elastomer matrix based of the triblock copolymer styrene-
butadiene-styrene (SBS). Polymer-based composites with CNT present low electrical
percolation threshold™, maintaining the intrinsic properties of the polymer in the
composite. Further, multi-walled CNT are suitable and economic for large scale
applications™*. The sensors have been integrated into a functionalized hand-glove able to
monitor finger movements in real time, with applicability in areas such as health care,
gaming and robotics devices. Thus, this the present work represents an important
contribution in the optimization by scalable processing technologies and improved
integration into devices of piezoresistive polymer-based materials for force and

deformation sensor applications.

2. Materials and Methods

The material used as polymer matrix is a thermoplastic elastomer (TPE) triblock
copolymer styrene-butadiene-styrene (SBS), composed by 80% of polybutadiene and
20% of polystyrene with a radial block structure (C401 from Dynasol Elastomers). This
TPE is characterized by stretchability and easy recovery, presenting low mechanical
hysteresis™. To increase the electrical conductivity of the insulating matrix, multi-

walled carbon nanotubes (CNT) with reference NC7000 from Nanocyl were used. The

ACS Paragon Plus Environment

Page 4 of 26



Page 5 of 26

oNOYTULT D WN =

ACS Applied Nano Materials

CNT show an average diameter of 9.5 nm, length of 1.5 um, 90% of purity and surface
area of the 250-300 mz/g. For the preparation of the printed sensors toluene (purity
>99.9%, density 0.87 g/cm’; Sigma-Aldrich) was used as solvent. Figure 1 summarizes

the materials and processes used in the present work.

2.1 Composites preparation

Polymer composites were prepared by extrusion and spray printing techniques, in order
to evaluate processability, scalability of the production and potential implementation of
these materials into device applications. Multifunctional materials can be tailored using

different processing methods to allow improved integration into devices.

2.1.1 Extrusion

Extrusion processing was carried out with a co-rotating mini-extruder Microlab
Twinscrew from Rondol Technology Ltd, with a screw diameter of 10 mm and a length
of 200 mm and a circular die of 1 mm, which means that the diameter of the composite,
after extrusion, is near 1.5 mm.

The processing conditions, screw rotation velocity and temperature were optimized for
the CNT/SBS composites at 35 rpm rotational speed and the temperature (5 zones from

feed to die zone, increasing from 150 to 190 °C) profile along the extruder as shown in

Figure 1.
2h magnetic stirring 3h ultrasonic bath
Printing \ SBS added EE s
) b CNT + toluene  Spray Printing
= ABA block structure CH,
= Styrene ¢ s ﬁﬁ /K Toluene
= % CH
e B+ %33%&&" +“c\c¢c“
E utadiene S T i
Polymer Fillers Solvent N
Extrusion SBS + CNT .
=

ln_n/nlclp,lnlxl'n Composite

150 160 170 180 190
Temperature (°C)

Figure 1- Materials and methods used for the preparation of the piezoresistive
composites. Above: spray printing procedure; middle: materials; below: extrusion

procedure.
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The CNT contents used for the preparation of the composites was 0, 4, 6, 8 and 10
weight percentage (wt.%). Before the extrusion, the SBS and the CNT were manually
mixed and shacked in a glass bottle. After extrusion, the composites were cooled to

room temperature. Further experimental description is detailed in’*.

2.1.2 Spray printing

Tailoring the rheological properties of the piezoresistive inks allows their suitable
integration into specific devices as well as the implementation of the sensors by additive
manufacturing methods®> *°. Spray printing or drop casting are appropriated methods to
develop printed films, spray printing being easily implemented on a larger scale®®.

The inks for spray printing of the composites were prepared by using 1 g of SBS for 6
ml of toluene with a viscosity of the piezoresistive inks between 744 and 1490 cP,
evaluated with a Physica MCR 300 Modular Compact Rheometer at shear rates between
0 and 1600 s'. The ink was prepared as follow: the amount of CNT (1 and 2 wt.%, as it
has been shown to have excellent piezoresistive properties™) was placed in an
Erlenmeyer with the corresponding amount of toluene, and placed in an ultrasonic bath
(Sonorex Super — RK 106) for approximately 3 h, to obtain disagglomeration and good
CNT dispersion. After this step, SBS was added to the solution and placed on a
magnetic stirrer until complete dissolution of the polymer. Toluene is used to dissolve
the SBS and to obtain a good dispersion of CNT, which leads to a decrease of the
electrical percolation threshold, compared to extruded composites®. After ink
preparation, the material was printed with an air gun pistol (Clarke Diy Air Brush-
CABI1H) at a pressure of 3 bar. The sensors were then placed in an oven (Binder E,
model 28) at a temperature of 60 °C during 1 h for total solvent evaporation. The final
thickness of the sensor was around 40 pm. More details on the processing of

piezoresistive inks can be found elsewhere.

2.3 Materials and sensor characterization

2.3.1 Mechanical measurements

Mechanical measurements in extruded wires composites were performed with a
universal testing machine, Shimadzu AG-IS, with a 50 N load cell in uniaxial stress
mode. Tests were performed at room temperature until rupture for each sample at a

velocity of 5 mm/min. Three measurements were performed for each sample. The initial

6
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modulus was calculated up to 5% of strain for all samples. The mechanical hysteresis of
the materials was characterized after ten stress-strain cycles, for several deformations

from 5, 10, 20 to 50% at a velocity of 5 mm/min.

2.3.2 Electrical measurements

The electrical resistivity (p) of the both composites was calculated from the slope of the
curves I-V, measured with a 6487 Keithley Picoammeter/Voltage Source. The electrical
conductivity (o) corresponds to the inverse of the electrical resistivity. The I-V data
were measured at the surface of the extruded wires and spray printed composites
samples with conductive silver ink deposited as electrodes at ~15 mm of distance
between them. Measurements were obtained with the applied voltage ranging from -1 to

+1 'V, in steps of 0.1 V.

2.3.3 Piezoresistive measurements

The piezoresistive tests were performed by measuring in real time the mechanical and
electrical response of the composites. The mechanical tests were performed in the
Shimadzu AG-IS universal testing set-up by applying 10 load-unload cycles at different
velocities and deformations while the electrical resistance was simultaneously recorded
with an Agilent 34410A multimeter through silver electrodes (conductive silver ink
from Agar, reference AGG3790) placed on the composites.

Different measurement configurations were used for the extruded and printed
composites, as represented in Figure 2: the 4-point-bending measurements (Figure 2A)

for the printed sensors and uniaxial stress (Figure 2B) for the extruded wires.
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Figure 2- Piezoresistive measurements by 4-point-bending tests (A) for the spray
printed composites, where the distance between first and second bending point is a=15
mm, z is the transversal deformation applied to the sample, d is the thickness of the
sample (near 1 mm) and the distance between both lower bending points /=50 mm.
Piezoresistive measurements by uniaxial stretching (B) for the extruded composites,
with 1.5 mm of diameter and 20 mm of distance. The silver electrodes are placed within

the claws for better electrical contact.

The variation of the electrical resistance under mechanical solicitation and the
corresponding piezoresistive sensibility were calculated for each loading-unloading
cycle and provided as the value of the piezoresistive sensibility. For the uniaxial stress
piezoresistive tests, 10 load-unload cycles were performed up to 20% of deformation at
a test velocity from 1 to 50 mm/min. For the 4-point-bending tests 5 load-unload cycles
were performed up to 4 mm of displacement at a test velocity of 10 mm/min. The
sample strain in the 4-point-bending measurements was calculated from the theory of

pure bending of a plate to a cylindrical surface®, using the equation 2.

__3dz
" 5q2

)
where z is the vertical displacement of the piston, d is the sample thickness (near 1 mm)
and « is the distance between the two bending points (Figure 2A). The GF was

calculated for each mechanical stress-strain cycle.

2.4  Development of patterned sensors by spray printing

The development of the piezoresistive printed sensors started with the design of the
interdigitated conducting electrodes pattern using silver ink and applied by screen
printing (HPS-021LV, Novacentrix).

The sensors were prepared in two steps: first, the conductive silver ink patters were
placed on the substrate by screen printing, and then the piezoresistive element
(CNT/SBS composite with 2 wt.% filler content) was printed on top of the interdigitated
electrodes by spray printing. Screen printing was carried out with a home-made set-up
with a metallic base structure supporting the screen. The screen (from Sefar) has 62

monofilaments by cm with a tension of 17 N.
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The conductive patterns (interdigitated formed by 11 conductive lines having 0.8 mm
width and 0.8 mm between them) were printed by depositing the silver ink (HPS-
021LV, Novacentrix) on the screen and subsequently spreading it with a squeegee over
a polyethylene naphthalene (PEN) substrate (Teonex Q65HA, produced by Teijin
DuPont Films) and on the hand glove. After the deposition over substrate, the

conductive silver ink was cured for 1 h at 80 °C in an oven Binder E, model 28.

2.5  Readout electronic circuit for the hand-glove application

An optimized circuit for piezoresistive sensors was developed with high hardware
efficiency and minimum power consumption®. The implemented architecture is based
on open components (Figure 3A) and using a single readout circuit for all sensors,
multiplexing the various sensors inputs to read all sensors sequentially. Being this an
auto-adaptive circuit, the system changes automatically their hardware and firmware
parameters according to the sensor to be measured, increasing accuracy without
requiring a constant manual adjustment of the circuit.

Figure 3B illustration the schematic representation of the architecture of the adaptive
readout circuit. The sensor is crossed by a constant current, generated using a digital
current source (I), based on a voltage to current converter circuit, using the OPA2234,
operational amplifier from Texas Instruments, and a digitally variable resistor AD5272
from Analog Devices, to modify the load current. When the sensor changes its
resistance, it causes the voltage to change in the input of LTC6915 amplifier, G, which
is a zero drift, precision instrumentation amplifier with digitally programmable gain,
from Linear Technology, comparing this variation with the reference voltage (voltage
when the sensor is at rest), generated in the digital-to-analogic converter circuit,
ADS8519 (DAC) from Analog Devices. This difference is amplified according to the
digital gain defined by the firmware and the output voltage is converted to digital
format by the analog-to-digital converter (ADC) circuit, present inside to
microcontroller unity, uC, where the data is saved. For this circuit was selected
SimpleLink™ Ultra-Low-Power Dual-Band Wireless microcontroller CC1350, from
Texas Instruments. All circuit subparts are controlled by the puC using the serial
peripheral interface, SPI, bus to communicate. The stored data are transmitted using a
radio frequency, RF, channel to a remote platform that allows to evaluate the sensor

variation according to the movement (Figure 3C).
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Figure 3- A) Implementation scheme of the sensors and readout circuit. B) Block
diagram of the piezoresistive multi-sensor readout circuit. C) Example of the read
circuit output sensor response. D) Schematic representation of the patterned sensor
configuration for application in each finger characterization. The sensors are composed
by a flexible polymer substrate PEN, and interdigitated electrical conducting patterns
achieved through conductive ink and the piezoresistive material spray printed on top of

the interdigitated patterns.

The interdigitated pattern (silver electrodes patter in Figure 3D for each sensor was
designed with 11 interdigitated conductive lines of 5x0.8 mm of length and width,
respectively, with 0.8 mm distance between silver lines to the lecture of the sensors
sensibility. As the sensors are to be implemented in a hand-glove, three sensors were
printed in a row (Figure 3D) for each finger, one for each finger joint to evaluate their
motion behaviour. On top of each interdigitated conducting geometry the piezoresistive
ink was deposited with an area of 3x3 cm. Thus, whenever the fingers movement, the
variations of the electrical resistance of each sensor is measured.

For this application the system operates at a rate of 20 Hz, which corresponds to a

reading rate of 240 Hz per each sensor.

10
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3. Results and Discussion
The obtained results and the corresponding discussion are presented in this section to
highlight the differences between the composites obtained by the different preparation

methods in terms of mechanical, electrical and piezoresistive response.

3.1  Electrical and mechanical properties of the composites
The electrical conductivity measurements for the different composite samples obtained

by the two processing methods (extruded and spray printed) are shown in Figure 4.

A2’4- B . =~ Extruded (B3]
1 10*4 -O - Spray Printed
16 O- spray EI/
< 1 —_— @
E 0,84 E101 O e
= %% & B
g 0,0 T;
o ,U9 -10 }
5 o0
O 0,84 3
o -6 wt% CNT 1074
8 W% CNT
-1,64 10 wt% CNT (0} o
L) L) L) v v v v -16
09 06 -03 00 03 06 09 O F T X T & & 10
Voltage (V) CNT (Wt%)

Figure 4- A) Representative current-voltage curves for the CNT/SBS extruded
composites with 6, 8 e 10 wt.% CNT content. B) Electrical conductivity for the

extruded (O0) and spray printed (O) composites as a function of filler content.

Figure 4 shows that the electrical conductivity of the composites increases with
increasing filler content, as indicated by the increasing slope of the I-V characteristic
curves (Figure 4A). The remaining I-V curves present similar behaviour, for their
respective electrical conductivity, with those shown in Figure 4A. The increase of the
electrical conductivity and the presence of a percolation threshold occurs both for
extruded and spray printed composites, being the percolation threshold at lower
concentrations for the latter, which is attributed to a better CNT dispersion3 * as well as
the alignment of the nanofillers in the extruded composites that increases for low fibre
diameter and with higher shear rates within the process, leading to increased percolation
threshold®’. Thus, for extruded composites up to 4 wt.% CNT contents, the composites
show an electrical conductivity similar to SBS, and for CNT contents above 4 wt.% a
strong increase of the electrical conductivity is observed, being the percolation threshold

near to 6 wt.% of CNT content. The electrical conductivity of the composites with 10

11
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wt.% CNT is near 6x10* S/m. For spray printed composites a similar behaviour is
observed, but with the percolation threshold at filler concentrations near to 1 wt.%.
Processing method and filler dispersion have strong influences in the electrical
properties of the CNT/SBS composites. The percolation threshold and maximum
conductivity of the composites agrees with the literature related to
carbonaceous/elastomer composites”.

The stress-strain characteristic curves of the samples prepared by extrusion are shown in
Figure 5A. The spray printed composites prepared by solvent casting show similar
mechanical characteristics, as also observed in>>**. Figure 5A shows a maximum strain
at break between 800 and 1100% and an increment of the maximum sustained stress
level upon CNT content. Figure 5B shows that the initial modulus increases with
increasing CNT content in the composites up to filler contents of 10 wt.% of CNT.

Spray printed composites show maximum strain near 1000%°°, similar to extruded

materials.
A S
10 wt.% CNT/SEB B Extruded composites %‘
. 0,
4] SwiCNTISEBS B wt.% CNT/SEBS| 1. /
S 0
Q 3 SEBS /
= =

4 wt.% CNT/SEBS

Initial Modulus (MPa)
> '
D\
4}\

0 200 400 600 800 1000

4 6 10
€ (%) CNT (Wt%)

O«
N o
oo«

Figure 5- A) Stress-strain characteristic curves until rupture for the extruded CNT/SBS
composites for several filler concentrations at a test velocity of 5 mm/min. B) Initial
modulus of extruded pristine SBS and CNT/SBS composites, measure until 5% of

strain.

The extruded composites show excellent mechanical properties for the development of
large strain piezoresistive sensors with a large elastic region, where the yield strain is
between 20% and 40% of strain, decreasing with increasing CNT content in the
composites (Figure 5SA). The maximum stress increases with increasing CNT content in
the composites being lower than 5 MPa for the CNT/SBS composites with 10 wt.%
CNT, as can be observed in Figure 5A. Further, the initial modulus of the CNT/SBS

12
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extruded composites (Figure 5B) also increases linearly with increasing CNT content.
The relative increase upon the initial modulus, when comparing SBS with the composite
with 10 wt.% CNT, is around 100%, from around 5.5 to 11 MPa. Extruded composites
present excellent electrical properties (both overall electrical conductivity and electrical
percolation threshold) and mechanical properties, with yield strain around 50% and
large maximum strain.

Spray printed composites (data not shown) show similar maximum strain (=1000%)
than extruded samples, but lower yield strain™. The initial modulus also increases with
increasing CNT content in the composites, with values ranging from 1.4 to 3.2 MPa for
SBS and CNT/SBS with 2 wt.% CNT content, respectively.

As both processing method shows similar mechanical properties, but extruded materials
typically show more oriented microstructure polymer chains, leading to higher initial
modulus than spray printed composites, with randomly oriented microstructural
features. Extruded composites will be analysed in detail, being the results, nevertheless
similar for both composites, considering the differences in the initial modulus. The
elastomeric characteristics of the composites are reduced with respect to pristine SBS
(Figure 5A), which can be also observed in the dissipated energy of the stress-strain
cycles (Figure 6, for extruded composites) for different deformations and test velocities.
The mechanical hysteresis of SBS in 10 stress-strain cycles at strains from 5% to 50%

and at a test velocity of 5 mm/min, is shown in Figure 6B.

13
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Figure 6- A) Illustration of typical stress-strain tests and dissipated energy evaluation in
each load-unload cycle. B) Hysteresis corresponding to 10 mechanical stress-strain
cycles for SBS, at 5, 10, 20 and 50% maximum deformation at a deformation speed of 5
mm/min. C) Dissipated energy for SBS and CNT/SBS composites with 8 wt.% CNT for
different maximum deformations at testing velocity of 5, 10, 20 and 50 mm/min, for 10

cycles. D) Dissipated energy for CNT/SBS composites with 8 wt.% CNT at different
testing velocities of 2, 5, 10, 20 and 50 mm/min for a strain of 50%.

The suitable characterization of the mechanical hysteresis (stretching and elastic
recovery) is critical for the proper evaluation of the reproducibility and reliability of the
sensors. The mechanical hysteresis increases with increasing strain and is larger for the
initial cycles, as shown in Figure 6C. The dissipated energy can be obtained through the
area of each stress-strain cycle®® and increases with the applied strain on the composites
when compared to SBS (Figure 6C). Therefore, also increases the initial modulus,
Figure 5B, of the composites for larger fillers contents due to the better stress transfer
between the polymer matrix and the CNT*. Thus, the CNT not only increase the
electrical conductivity, but also reinforces the mechanical properties of the composites.

As this reinforcement is proportional to the inverse of the CNT diameter, it is suggested

14
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that initial modulus scales directly with the total interfacial surface in the composites™.
The composites with CNT show a higher energy loss under each cyclic deformation,
compared to pure SBS (Figure 6C). Although the hysteresis increases with strain, both
the pristine polymer and the corresponding composites show easy recover after larger
deformations.

To analyses the influence of the test velocity on the dissipated energy (Figure 6D), the
mechanical tests performed at velocities between 2 and 50 mm/min in the extruded
CNT/SBS composite with 8 wt.% fillers contents show that the dissipated energy
increases with increasing test velocity and decreases with increasing number of cycles
for each velocity, in particular for the initial cycles. This phenomenon can be attributed
to initial modulus and consequent stress-induced stiffening at larges strains were both
found to increase with increasing filler content®.

Thus, both extruded and spray printed composites show interesting mechanical and
electrical properties to work as sensors from low to larger deformations. The processing
method influences the electrical and mechanical properties of the composites, allowing
to tailor their properties for specific applications and allowing simple integration into
devices. Extruded composites show a larger percolation threshold concentration, leasing

also to mechanical properties with large maximum strain and low hysteresis.

3.2 Piezoresistive response

The piezoresistive response was evaluated under uniaxial strain for extruded composites
and in 4-point-bending experiments for spray printed composites sensors. The
composites selected or the evaluation of the piezoresistive response are the ones with 8
wt.% CNT content for the extruded composites and the ones with 1 wt.% CNT content
for the spray printed composites. This materials selection has been performed as it has
been demonstrated that for large deformation of the composites, the CNT content must
be close to but above the percolation threshold in order maximize the piezoresistive
response and not to lose electrical percolation during the stretching process®’, until
larger strains.

The piezoresistive properties of this type of composites is attributed to a tunnelling

effect mechanism>* ¢

. The tunnel resistance depends on the materials within the
composite (polymer and reinforcement filler) and the maximum tunnelling distance can

vary from 2 to 5 nm>*. The intrinsic conductivity and aspect ratio of the nanofillers is
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one essential factor which governs the percolation threshold and the piezoresistive
behaviour of the composites™.

During loading-unloading mechanical cycles the electrical resistance will change due to
geometrical factors and to wvariations of the conductive network. Piezoresistive
sensibility thus will depend on extrinsic and intrinsic contributions (Eq. 1), where the
extrinsic contribution depends on the Poisson coefficient. GF values larger than the
extrinsic contribution depend on modifications of the conductive network and therefore
by the tunnelling effect. The mechanisms which govern the changes in conductive
network during mechanical stimulus are: reconstruction of the conductive network
(variations on conductive pathways), changes in the contact resistance between fillers,
and changes in the filler-to-filler interparticle distance™® 2. These processes coexist in
the composite during the loading and unloading cycles, with composites showing
similar behaviour for all cycles (Figure 7A). The piezoresistive sensibility near the
electrical percolation threshold shows the highest values, mainly due to the effect of the
variations in the tunnelling distance with applied strain, which plays an essential role in
determining the piezoresistive response'’. The loading-unloading measurements
indicate that the sensors with higher filler content show better stability with lower
sensibility, which is attributed to a more robust conductive network, due to the larger

filler content, which is therefore less sensitive to strain induced variations®.

3.2.1 Extruded composites

The piezoresistive response was obtained by measuring the variation of the electrical
resistance under the application of a uniaxial mechanical deformation during several
stress-strain cycles (Figure 7). The GF was calculated after linear fitting with equation
1. Figure 7A shows the experimental measurements to illustrate the piezoresistive
response (g versus AR/R, with time) for 10 loading-unloading cycles under uniaxial
stretching for the extruded CNT/SBS composites with 8 wt.% CNT content and Figure

7B the GF as a function of maximum strain at a test velocity of 10 mm/min.
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Figure 7- Piezoresistive measurements under uniaxial strain for the extruded CNT/SBS
composites with 8 wt.% CNT content. A) Piezoresistive measurements for 10 loading-
unloading cycles for 1% of maximum strain, B) Linear fit for GF calculus up to 20% of
strain. The piezoresistive sensibility is presented in function of strain (at 5 mm/min) C)

and velocity with several strains D).

The extruded CNT/SBS composite with 8 wt.% CNT shows excellent piezoresistive
properties with electrical resistance variations following linearly the external
mechanical loading-unloading cycles (Figure 7A) from small to large applied strain.
The CNT/SBS composite behaviour and the respective piezoresistive sensibility is
shown in Figure 7B from low strain up to 20% of strain. The slope of the linear fit
between the strain and the electrical resistance decreases with increment upon the strain
in the composite. Piezoresistive sensibility in function of the applied strain (up to 20%)
is between 3 < GF < 4, decreasing slightly for larger applied strain in composite, at 5
mm/min (Figure 7C). Up to 10% of strain, the piezoresistive sensibility is similar.
Comparing the GF of the extruded composites for several velocities for the same
deformation it is possible conclude that piezoresistivity decreases with the increase of

the velocity for 5% of strain, from GF= 4.4 to GF= 3.4, between 1 to 10 mm/min. To
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the larger strains (10 and 20%) the piezoresistivity is practically constant in function of
the velocity, with slightly decrease for measures in 20% of strain, with increase of the
velocity. The piezoresistive sensibility is higher in the percolation threshold zone, but
the linearity for composites until larger strain decreases for composites near percolation
threshold®. Previous studies have shown that the CNT/SBS-family of piezoresistive
composites support large number of cycles with large stability, even at large strains, the
relative resistance variation stabilizing after few tens of cycles’®. Further, the
composites practically have no degradation, suggesting that CNT works as a
photostabilizer in the composites®. Thus, the extruded materials show excellent
mechanical and electrical properties to be used as piezoresistive large strain sensors,

with piezoresistive response and physico-chemical stability for long-cycles utilization.

3.2.2 Spray printed sensors

The typical behaviour of the 4-point-bending test for the spray printed sensors are
presented in Figure 8. Five stress-strain cycles of the spray printed composite with 1
wt.% CNT are presented for deformations up to 4 mm of strain and a test velocity of 10
mm/min for different loading-unloading cycles. Besides the extruded composites, the
spray printed materials also have piezoresistive properties, showing the wide range of

applicability using this kind of materials.
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Figure 8- Piezoresistive measurement behaviour for the spray printed composite with 1
wt.% CNT content under 4-point-bending measurements A) measure at 4% strain and
10 mm/min. B) Piezoresistive sensibility (GF calculus) for the cycles number for 4%

strain at 10 mm/min.
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The piezoresistive response was analysed for material prepared by spray printed
method. The composite 1 wt.% CNT content were measure for strains from 1 and 4
mm. Spray printed sensors show GF values between 1 and 1.5 independently of the
strain (up to 4 mm) or even for several velocities (between 1 to 10 mm/min). Spray
printed composites with 2 wt.% CNT also shows similar behaviour than composite with
1 wt.%. In this way, 4-point-bending method influences the GF of the composites.
Presenting lower strain (the distance variation between silver electrodes is smaller) the
GF is lower than composites measure by uniaxial stress, as reported in literature™.
Comparing the results of extruded composites and printed sensors, higher values of GF
were obtained for the extruded composites as they were subjected to higher
deformations, and different measurement method. However, both can be used as
piezoresistive sensors, from low to larger deformations, with excellent linearity between
electrical and mechanical properties.

The mechanical properties of both processed materials are similar with larger yielding
for extruded composites due to the oriented microstructural features, typical of this
processing method. Further, the initial modulus of the composites increases with
increasing CNT content in both composites. Spray printing shows better CNT
dispersion and lower percolation threshold compared to extruded composites.
Mechanical hysteresis increases with increasing CNT in the composite and with applied
strain, decreasing with the number of cycles, up to 10 cycles. The deformation speed
has no influence in the hysteresis, for the evaluated conditions.

Piezoresistive response was evaluated taking into account the final application. Thus,
uniaxial strain was applied to the extruded material and 4-point-bending tests for the
spray printed composites, both in order to evaluate the movement of the fingers in a
piezoresistive glove (Figure 9).

The uniaxial stress for extruded composites and 4-point-bending for spray printing
composites are carried out based in the glove application geometry of the electrodes.
The 4-point-bending piezoresistive measurements is more appropriate due to the
configuration of the silver ink deposited in the glove. Uniaxial stress is more
appropriate for extruded composites because de composite is stretched during the finger
movement.

Both methods show good piezoresistive response, but extrusion can be considered
environmentally-friendlier than spray printing, considering that no solvent is used.

Porous structures (as textile mesh) need several layers of ink to present homogeneous
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behaviour. Both composites, obtained after the different processing methods, show good
overall properties to be used in application, the bandwidth of the piezoresistive sensors

being determined by the mechanical relaxation of the matrix'.

3.3 Piezoresistive sensors application

A hand glove was used as a proof-of-concept of the applicability of these piezoresistive
composites as sensors. These tests were performed in both extruded and spray printed
sensors (Figure 9) and the wireless electronic circuit was used to read, in real time, the
sensors response and to save it to the computer (Figure 9B). Conductive silver ink was
screen printed over the glove finger to serve as conductive electrodes of the spray-
printed sensors (Figure 9A). The extruded wires, on the other hand, were sewed to the
hand glove (Figure 9B) and the electrodes were placed at the tips of the wires. Both
application methods present good piezoresistive response, with similar
electromechanical sensibility in the previously presented tests. On the other hand, the
extrusion method shows some advantages in the sense that no interdigitates are required
for signal acquisition and that can be considered environmentally friendlier than spray
printing, as it does not use solvents during the preparation of the composites. On the
other hand, spray printing has the advantage of being very flexible in the types of
material and geometries in which the sensors can be integrated to. It is also a very fast

and low-cost processing method.

A Manufactured Sensors

Sensors

Pistol air pressure

Conductive silver paint pattern Piezoresistive ink

B g Connecting wires

Extruded Composites
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Figure 9- Piezoresistive sensors applied by spray printing (A) and extruded wires sewed

to the hand-glove (B).

The piezoresistive response of the glove hand sensors is shown in Figure 10 for finger
movement at the same time and for the movement of the individual fingers. Sensor 1 to

4 represent the different fingers (excluding the thumb).
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Figure 10- Voltage output of the 4 sensors- one for each finger, excluding the thumb-
for the extruded composites when all fingers are simultaneously (a) or individually (b)

deflected. See supporting video.

Figure 10 shows that the variation of the electrical voltage of the composites increases
when the finger is deflected and the piezoresistive sensors stretched. The electrical
response is proportional to the strain and recovers the initial values when the finger
returns to the original position. The extruded composite shows similar piezoresistive
behaviour than spray printed composite. On the other hand, extruded composites work
until larger deformations, once the silver ink can break and interrupt the electrical
connection on the spray printed glove device.

Thus, the present work fully demonstrates the applicability of extruded and spray
printed piezoresistive SBS based composites sensors for strain sensing applications,
opening the way for application in areas such as robotics, health care, structural health

monitoring and entertainment, among other.

4. Conclusions
It has been shown that piezoresistive sensors can be developed for large strain sensing

applications using a SBS thermoplastic elastomer polymer matrix reinforced with
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carbon nanofillers as conductive material. Further, these sensors can be prepared by
extrusion or spray printing techniques that allow scaling-up and integration into devices,
as well tailoring the sensors for specificity of the application. Large maximum strain (>
800%) and yield strains (between 20 to 40%) and the percolation threshold near 1 and 6
wt.% of CNT for spray printed and extruder composites, respectively, make these
composites ideal polymer-based sensors to strain applications. Larger strain and easy
recovery with lower mechanical hysteresis characterizes these piezoresistive sensors.
The excellent linearity between the strain and electrical resistivity variations allows
these materials to be applied as piezoresistive sensors, with piezoresistive sensibility
around GF= 3 to 4 for extruded and GF= 1 to 1.5 for spray printed composites.
Processing method and filler content influences the piezoresistive sensibility of the
materials, allowing to tailor materials response for specific applications.

The developed materials were integrated, together with the readout and wireless
communication system, into a hand glove and it was demonstrated their suitability for
the monitoring of finger movements. Thus, the optimization and up-scalable
processability of polymer based piezoresistive materials based on SBS and CNT has
been demonstrated, together with their suitable integration as deformation sensor in a
proof of concept application. In this way, a solution is presented that can be
implemented in a large range of applications, where force and deformation sensing is

required.
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