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Abstract:

The development of new flexible and stretchable sensors addresses the demands of upcoming
application fields like internet-of-things, soft robotics and health/structure monitoring.
However, finding a reliable and robust power source to operate these devices, particularly in

off-the-grid, maintenance-free applications, still poses a great challenge. The exploitation of
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ubiquitous temperature gradients, as the source of energy, could become a practical solution,
since the recent discovery of the outstanding thermoelectric properties of a conductive
polymer, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS).
Unfortunately the use of PEDOT:PSS is currently constrained by its brittleness and limited
processability. Herein, PEDOT:PSS is blended with a commercial elastomeric polyurethane
(Lycra®), to obtain tough and processable self-standing films. A remarkable strain-at-break of
~700% is achieved for blends with 90 wt.% Lycra®, after ethylene glycol (EG) treatment,
without affecting the Seebeck voltage. We demonstrate for the first time the viability of these

novel blends as stretchable self-powered sensors.

1. Introduction
The fast developing field of wearable electronics for autonomous monitoring is combining
smart textile technology with state of the art wireless sensing communication, and it could soon
experience exponential growth as new applications are being considered for fields such as
internet-of-things, soft robotics, medicine, defence, advertising, fashion and many others.[**]
On the other hand, numerous challenges are still to be overcome, including the need for
improved materials that are not only responsive to a specific stimuli but can also conform to
the objects monitored, for instance being flexible and stretchable, as well as durable.[®! Another
important requirement is to make the sensors autonomous and self-powered, particularly
desirable in off-grid, maintenance-free conditions, where battery replacement is not practical,
economical or feasible.[® There have been different research strategies for finding sustainable,
small scale energy harvesting systems to recharge batteries or directly power sensor devices,
with long lasting and reliable supplies. This has been demosntrated so far using triboelectric,[’-
11 photovoltaic,®? piezoelectric,>134 radiofrequency,¥ thermoelectric (TE) systems, 141l
and others.'%-21 |n the last instance, conventional TE technology has also been considered as a

power source for integrated sensors of pressure,?? corrosion,?®! heat flow, 24 vibration,?] heart
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rate,?®1 and other stimuli.l?’-3!. The utilization of conjugated polymers as the active component
of a TE device is a relatively recent concept,*53%1 but it is rather attractive where flexibility is
needed, enabling a new generation of novel, low-cost, low-powered wearable, or even remote,
sensors. There are many desirable attributes driving the investigation of polymer TE materials,
such as low toxicity, ubiquity and abundance of constitutive elements, as well as ease in
processing by various extablished coating or printing techniques. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is at the centre of the effort to
achieve thermoelectric power conversion efficiencies comparable to those of inorganic
thermoelectric materials. In 2003, PEDOT was reported to have a dimensionless figure of merit
(zT value) as high as 0.42. Bl This result is within close reach from the best commercial
inorganic materials used for room temperature applications, such as bismuth telluride
compounds, with zT value around 1.8 Promising results were also obtained by combining
PEDOT, or other conductive polymers (e.g. P3HT and PANI), with carbon nanotubes and other
nanoparticles. 33421 PEDOT was further studied as a p-type TE material, >3 and shown to be
sensitive to stimuli like temperature and pressure.® However, a number of challenges still
restrict its commercial exploitation, including low toughness and tear resistance, in addition to
processing constraints, limited to film casting from water solution, while bulk (greater than tens
of microns thick) processing is needed to fulfil current TE device design requirements.

Here we propose a novel strategy for overcoming the above limitations, consisting of blending
PEDOT:PSS with a commercial polyurethane (Lycra®), followed by post-treatment of the films
with ethylene glycol (EG), a polar solvent known to improve the thermoelectric response of
PEDOT:PSS.B™ After a systematic study of blend composition, film morphology, as well as
mechanical and TE characterisation, a new set of materials were obtained. They are stretchable
and tough, of low cost and potentially compatible with bulk industrial processing (e.g.
extrusion, melt spinning), while mantaining the same Seebeck coefficient values as pure

PEDOT:PSS. The sensing efficiency of these blends were then studied with the use of an
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external power source, where the resistance is determined and correlated with the changes in
film geometry when responding to strain. Furthermore, with a temperature difference across
the end of the film, the resultant thermovoltage was found to produce a measurable sensing
signal which was used to detect changes in strain as well as ambient temperature and/or air
flow. The results presented in this paper promise to be a viable solution for applications such

as self-powered sensors.

2. Results and Discussion
In this study, freeze-dried PEDOT:PSS and the elastomeric Lycra® yarn were separetely
dispersed in dimethyl sulfoxide (DMSQ), then mixed together at different proportions, aiming
at maximising mechanical behaviour and strain-sensing capabilities. Free-standing films were
produced by drop casting onto glass substrates. Post-treatment was performed by immersing

the films in an EG bath.

2.1 — Mechanical Properties.

The mechanical properties of the blend films have been studied using quasi-static tensile tests
and presented in Figure la and 1b, showing typical stress-strain responses as a function of
Lycra® content. The strain-at-break value increases with increased concentration of elastomer,
from 4 + 1% at 0 wt.% Lycra® (pure PEDOT:PSS) to 300 + 230% at 90 wt.%, while the elastic
modulus is inversely correlated, going from 1300 + 250 MPa for pure PEDOT:PSS to 23 + 11
MPa at 90 wt.% Lycra®. Thus blending clearly improve the ductility of PEDOT:PSS. A rather
large deviation in results for films with high elastomer content was observed. This is possibly
due to microstructural inhomogeneities of films related to subtle variation in the casting
temperature, which was demonstrated to significantly affect phase-segregation of the

components (SI-1).
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Some of the samples containing 90 wt.% Lycra® were also immersed in an EG bath after
casting. They exhibited outstanding improvements in elastic modulus and strain-at-break, with
values of 75 = 65 MPa and 700 + 150 %, respectively. These mechanical properties are
unprecedented for a TE material, and closely approach the ones of neat elastomeric yarns (SI-

2).

2.2 — Thermoelectric Properties.

A simplified way to quantify the ability of a given material to generate useful thermoelectricity,
is the measurement of the power factor (PF), expressed in Equation 1:

PF = a’ X o Q)

where « is the Seebeck coefficient, the voltage difference generated by unit of temperature, and
o is the electrical conductivity. The power factors, electrical conductivity and Seebeck
coefficient of all the blends are presented in Figure 1c.

The electrical conductivity of the blended films decreases linearly with increasing proportion
of elastomer, from 635 + 8 S-cm™ for unmodified PEDOT:PSS to 62 + 4 S-cm™ for 90 wt.%
Lycra®. These relatively high values can be explained by the effect of the choosen solvent
(DMSO), which is known to improve the electrical conductivity of PEDOT:PSS,®! Further
improvements can be achieved if films are treated with an EG bath, giving up to 26% increase
in electrical conductivity for composites containing 90 wt.% Lycra®, reaching an averaged
value of 79 + 5 S-cm™. Indeed, EG treatment consistently resulted in improved conductivity, as
summarised in S1-3. EG has been previously shown to help controlling the film morphology
through removal of excess insulating PSS.[*1 The X-ray diffractograms presented in SI-4
confirm extraction of excess PSS from the film through a reduction of signal intensity for the
peak at 26 =18°.

The Seebeck coefficient stayed relatively constant, invariant with the proportion of Lycra®

(Figure 1c). This is of great importance because blends with high proportions of elastomer will
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be able to produce a similar thermovoltage as neat PEDOT:PSS (useful for self-power
capability), while gaining significant elasticity and toughness (as demonstrated in Section 2.1),
Furthermore, the Seebeck coefficient of PEDOT:PSS is apparently not reduced by EG treatment
(SI-5).

As for the electrical conductivity, also the power factor follows a similar declining trend with
increasing proportion of Lycra®. Therefore, in this case, the electrical conductivity has a

stronger influence than the Seebeck coefficient on PF.
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Figure 1: (a) Stress vs strain behaviour of PEDOT:PSS blends with various proportions of
Lycra®, (b) elastic modulus and strain-at-break variations for the same blends, and (c) electrical
conductivity, Seebeck coefficient and power factor of films of PEDOT:PSS blends with various

proportions of Lycra® (all graphical results are before EG treatment).
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2.3 — Morphology.

For a better understanding of the mechanical and thermoelectric properties presented in this
paper, a systematic study of blend composition and film morphology was undertaken. Optical
transmission studies of the films with varying composition revealed no evidence of a chemical
reaction upon blending (SI-6). The study of Atomic Force Microscopy (AFM) imaging, in
quantitative nanomechanical analysis mode, was used to investigate the morphology of the
films, after EG treatment, shown in Figure 2. These images depict the relative elastic moduli
of the film surfaces and clearly show the dispersion of Lycra®-rich regions (low elastic
modulus) into PEDOT:PSS-rich regions (high elastic modulus), with a continuous change in
the morphology between the two pure materials. Nanomechanical imaging offers in this case
an improved contrast as compared to topography-mode, owing to the significant difference in
elastic modulus between the two polymers. Further studies of AFM imaging revealed the
Lycra®-rich regions to exhibit greater deformation, adhesion and dissipation than PEDOT:PSS-
rich regions (S1-7a) A low degree of connectivity between domains, for films with less than 60
wt.% Lycra, is also shown in Figure 2, which we would expect to have detrimental effects on
elasticity and toughness, as the elastomer may not be forming a continuous network, leading to
more brittle and rigid materials. Yet this is not what we observed in macroscopic tests. Since
these are surface images, so we cannot rule out an extended Lycra® component embedded
within the film structure.

The study of topography-mode AFM imaging (SI-7b) revealled a root mean square (rms)
roughness of 540 nm for blended films of thickness ~10 um, which is more than an order of
magnitude greater than that of commercial PEDOT:PSS cast from aqueous suspension. For the
pure Lycra® films, a value of 350 nm was found.

The top surface and cross-sectional area of the blended films, before and after EG treatment,

were also studied by Scanning Electron Microscopy (SEM), presented in SI-8. A trend toward
7
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compact structure with increasing Lycra® content is evident, which could explain the decrease
in roughness observed by AFM. No distinct microstructural differentiation is apparent in the
images of films before and after EG treatment. Some isolated PEDOT:PSS domains are visible
in the cross-section of films with 90 wt.% Lycra®, although the conductive pathway may not
be a sole result of these apparently discontinuous sites. As previously discussed in Section 2.1,

it is possible that the components partly phase-segregate during casting of the films.

PERDOREPSS 1 10wk Lieee 20wk mm.% e (O " 0TV
3 / ' f .. ‘ : 3 § "_“.’. ‘, ,:‘\‘,’.

Figure 2: AFM images (4 x 4 um) of the PEDOT:PSS/Lycra® film surfaces obtained in

nanomechanical analysis mode. The colourscale is an indicator of the voltage signal from the
instrument which is proportional to the elastic modulus. Lycra®-rich regions appear dark (low

elastic modulus) and PEDOT:PSS-rich regions appear bright (high elastic modulus).

2.4 — Externally powered strain sensing

Sensitivity to strain was determined by a bespoke test set-up, in which the electrical resistance
(R) is measured by passing a current from an external power supply through the sample while
simultaneously subjecting it to a given strain profile. These tests were performed on films
containing 90 wt.% Lycra®, previously subjected to EG treatment, owing to the high values of
elasticity and electrical conductivity. As shown in Figure 3a-b, the modulation of resistance is
up to 20% and 80% for strains of 10% and 50%, respectively, and this behaviour can be
explained with a simple geometrical effect. By assuming incompressibility (Poisson ratio of

0.5),[%¢1 and a constant resistivity, one can calculate the reduction of sample cross-sectional area
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for a given extension, and hence a theoretical resistance (Rt), (SI1-9). The variation of R with
strain is very well predicted by this simple model. Nonetheless, for strains higher than 50%, the
values of R are higher than Rr, indicating change in intrinsic resistivity may also be involved
(S1-10). This can be explained by a possible modification of the conductive network. At
relatively high strains (>80%), the sample exhibited plastic deformation, with a permanent
increased resistance.

A strategy to overcome this limitation, while increasing the strain sensitivity further still, can
come from engineering the conductive network morphology. It has been noticed that some
samples with lower elastomer content (50 wt.% Lycra®) and prepared from poorly dissolved
Lycra® presented some intact short filaments from the original yarn in the final composite film
(Figure 3c). In these cases, the filaments indirectly control the morphology of the conductive
network, in terms of excluding a volume in which PEDOT:PSS can be dispersed, but also in
guiding its dispersion, which seems to preferentially coat the filaments (Figure 3d). Once the
composite film cracks, after exceeding a threshold strain of ~10%, filaments coated with
PEDOT:PSS were still observed connecting the two extremities of the cracked sample (fibre
bridging), bearing the load. The strain sensing tests for these samples show an interesting
bimodal behaviour. For strains lower than the threshold, the material is not sensitive, while for
higher strain (after crack formation), the strain sensitivity suddenly increases (with an
outstanding Gauge Factor of ~ 17,000-20,000 when 10% strain is applied). With the strain
localised on the bridging filaments, it determines the pathway for charge carrier transport
(Figure 3e). Interestingly, this change in resistance is reversible, with the normalised resistance
going back to initial values before cracking, when the strain decreases to zero. In future, we
envisage the development of new materials inspired by these intriguing results, where, for
instance, Lycra® fibres are coated with PEDOT:PSS, which can then be used for conductive
film reinforcement or as a sensing device on its own. Initial tests have already started with

encouraging initial results (SI-11).
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Figure 3: () (R-Ro) Ro! as a function of strain, where Rq is the resistance at zero strain, for
films of PEDOT:PSS blended with 90 wt.% Latex® previously subject to EG treatment, when
10% strain is applied, followed by 50% (Gauge factor ~ 1 and 1.3, respectively). The theoretical
resistance Rt is shown in red. (b) SEM imaging of a cracked film surface of 50 wt.% Lycra®
used for strain sensing, showing stretched bridging filaments, (c-d) SEM and EDX of one
stretched filament for detection of sulphur (from PEDOT:PSS) and nitrogen (from Lycra®), (e)

plot of (R-Ro) Ro as a function of strain for this film, after cracking.

2.5 — Self-powered strain sensing

To demonstrate the concept of a self-powered strain sensor based on the thermoelectric effect,
a film containing 90 wt.% Lycra® was exposed to a constant temperature difference of 30 °C,
while uniaxially deformed (Figure 6a). When the sample was series-connected to a 10 kQ load
resistor, a thermocurrent was induced by the Seebeck voltage. It is noted that the load resistance
of 10 kQ was selected to match the internal specimen resistance at high strains, hence

10
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maximising the power output. However, the internal resistance does change with the applied
strain (SI-10). So for a more efficient self-powered strain sensor, the load resistance should
ideally be modulated with the strain. Nevertheless, Figure 6¢ demonstrates that large strains,
above 80%, can clearly be sensed by a simultaneous change in voltage and current. In order to
explain this, it is observed that the thermovoltage generated is assumed constant with strain (Sl1-
12), while the resistance of the sample varies, the thermocurrent generated, passing through the
external circuit also varies. Considering the equilavent circuit in Figure 6b, the voltage
measured across the load resistor is proportional to the load resistance only, and therefore it
changes proportional to the thermocurrent variation, in agreement with measurements presented
in Figure 6¢. But the self-powered sensor does not respond only to strain. In fact it shows
sensitivity to other stimuli, for instance, ambient temperature and/or air currents (SI-13).
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Figure 4: (a) Experimental setup for the proof-of-concept of self-powered strain sensor
measurements. (b) The equivalent circuit for the film under test, the voltage source is the
thermovoltage generated by the temperature difference across the ends of the sample, Rs is the
internal resistance of the film and Ry is the external load resistance. (c) The variation of voltage

across and current through the load resistor with strain and time.
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It is noted that the sample in Figure 4, can harvest a power output of up to few nW (S1-14) for
a AT of 30 °C. Increasing the power output to the level of 10-100 uW, necessary for an
integrated self-powered system (including data trasmission for instance) can be achieved by: i)
increasing the temperature gradient, ii) connecting our p-type TE material in series with a n-

type one, to form a p-n junction, iii) connecting many p-n junctions in series.

3. Conclusion
This work demonstrates a strategy to develop stretchable self-powered sensors, via blending an
elastomeric polyurethane (Lycra®) with the best organic thermoelectric material, PEDOT:PSS.
In doing so, the main technological constrains of PEDOT:PSS, namely brittleness,
processability and costs, have, at the same time, been overcome. An unprecedented strain at
break of 700 + 150 % has been reached, for a blend containing 90 wt.% Lycra®, after EG bath,
while maintaining high electrical conductivity (79 + 5 S-cm™) and Seebeck coefficient (16 + 1
uV/K). This novel material has shown sensitivity to different stimuli including strain, as well

as ambient temperature and/or air flow.

4. Experimental Session
PEDOT:PSS Clevios PH1000 (from Heraeous GmbH) was freeze dried (using a Benchtop
Pro with Omnitronics™ from SP Scientific), then dispersed in anhydrous DMSO >99.9%
(from Sigma Aldrich) by homogenisation (Heidolph SilentCrusher M set at 500 rpm for 5
minutes) followed by probe sonication (Sonics VibraCell™, amplitude 35%, 1 sec on and 1
sec off, for 20 min), making up a dispersion with 1 wt.% solid content. This process could not
be reproduced as efficiently if the PEDOT:PSS was dried by applying heat to the solution,
which leads to a compacted dry material. On re-dispersing with DMSO, a non-homogeneous

casting solution was formed, as compared to the ones using high surface area foam (S1-15A).

12
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Spandex yarn (Lycra® Invista) (SI-15B) was also dispersed in anhydrous DMSO by stirring at

80°C for 12 hours, to afford a dispersion with 1 wt.% solid content.

Both Lycra® and PEDOT:PSS dispersions were mixed together at different proportions to
make up blends of 1 wt.% load, with Lycra content varying from 0 to 100% (SI-15C). All
mixtures were magnetically stirred for a further 24 hours at room temperature, drop cast and
dried at least 10 consecutive times on pre-cleaned glass slides, using an oven set at 80°C.
Films were then mechanically removed from the glass substrate.

The drying temperature was chosen on the basis of Thermal Gravimetric Analysis (TGA)
results using a TA Instruments Q500 Thermogravimetric Analyzer, flushed with air (60 ml/
min), shown in S1-16, with further consideration to the effect of different casting temperatures
on the morphology and electrical conductivity (SI-1).

Mechanical tests were performed using a quasi-static tensile tester (Instron 5566, with a rate
of 0.5%/ minute, then 10%/ minute for 90 wt.% Lycra blends after the first 5% strain, in this
way to control the timing of the test). Films were prepared as described above, then cut at
approximately 50 x 5 mm surface area. The results for % strain at break and elastic modulus
were averaged out of 6 to 10 individual samples, whereas the presented curves were selected
from representative results for each composition.

FTIR spectrum of solution blends were recorded using a Bruker Tensor 27, with the DMSO
signal eliminated from background.

UV/Vis spectra of blends were recorded using a Perkin EImer Lambda35. In this instance, the
DMSO is not eliminated from background spectrum.

AFM images were obtained with a Bruker Dimension Icon operating in quantitative
nanomechanical analysis mode on samples drop casted a single time, having films with
thickness of about 10 pum.

SEM images were taken with a FEI Inspect F using FEG and EDX source. Samples were

prepared by consecutively drop casted films (about 10%), with thickness of about 100 pum.
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XRD signals recorded with a diffractometer system XPERT-PRO using K-alpha of 1.54A.

A home built 4 point probe (0.25mm probe space) is used for electrical conductivity
measurements on the substrate, at room temperature and ambient atmosphere using an Agilent
6614 System DC power supply integrated with a Keithley 6485 picoammeter, connected to
the external probes. The voltage generated when current passes through the sample is then
measured (high impedance Keithley 2000 Multimeter) between the two internal probes. For
this purpose, films are prepared by single drop cast, with thickens measured using a
profilometer (Bruker Dektak Vision 64), and calculated electrical conductivity averaged out
of 4 films from each blend composition, and measured 5 times at different points within the
centre of the film.

An MMR Seebeck System was used for Seebeck measurements at 300K under nitrogen
atmosphere (SB100 digital Seebeck controller and K20 digital temperature controller), with
self-standing films cut to the dimensions required by the instrument (approximately 1 x 5 mm
surface area). The averaged result is calculated out of 3 films made from each blend
composition and measured at least 10 times each.

The electrical conductivity and Seebeck coefficient were used for calculation of the power
factor, based on Equation 1.

For cyclic test, as well as the self-powered strain sensing experiments, films were prepared as
described above for mechanical test. These prototype materials were then fitted with copper
electrodes on the extremities, at a distance of about 40mm apart, then padded using carbon
conductive tabs (12mm diameter from Agar Scientific), to avoid the material being pulled
from the electrode during stretching. A constant voltage of about 0.5V was applied during the
cyclic tests using an Agilent 6614 System DC power supply, while current variations with
strain recorded using a coupled Agilent 34401A 6 ¥ digital multimeter. Details of theoretical

calculation model for resistance changes during the cycles were explained in SI-9.

14
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For self-powered tests, heat is applied to one side of the device to generate a thermovoltage,
by using a silicon heat pad (RS 12V, 7.5W, item 245-556) connected to a power supply
(Farnell D30-2 set at 12V). This thermovoltage is recorded using a high impedance
voltameter (Keithley 2000 Multimeter) and the current recorded using a Keithley 6485
picoammeter. Variable strain rates were used, depending on the % applied, aimed for

controlling the time of test.
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