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With the emergence of stretchable/wearable devices, functions,
such as sensing, energy storage/harvesting, and electrical conduc-
tion, should ideally be carried out by a single material, while
retaining its ability to withstand large elastic deformations, to
create compact, functionally-integrated and autonomous systems.
A new class of trimodal, stretchable yarn-based transducer formed
by coating commercially available Lycra® yarns with PEDOT:PSS is
presented. The material developed can sense strain (first mode), and
temperature (second mode) and can power itself thermoelectrically
(third mode), eliminating the need for an external power-supply.
The yarns were extensively characterized and obtained an ultrahigh
(gauge factor ~3.6 x 10% at 10-20% strain) and tunable (up to
about 2 orders of magnitude) strain sensitivity together with a very
high strain-at-break point (up to ~1000%). These PEDOT:PSS-Lycra
yarns also exhibited stable thermoelectric behavior (Seebeck coef-
ficient of 15 pV K1), which was exploited both for temperature
sensing and self-powering (~0.5 pW, for a 10-couple module at
AT ~ 95 K). The produced material has potential to be interfaced
with microcontroller-based systems to create internet-enabled,
internet-of-things type devices in a variety of form factors.

Stretchable and wearable sensors are attracting an ever increasing
interest, in response to demand from fields like soft (micro-)
robotics,"* smart textiles,®* electronic skins>® and health monitor-
ing devices.”"® Although high flexibility"* "> and sensing capability
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New concepts

In this work, we provided a novel concept to fabricate a new class of
trimodal, stretchable transducers. The fabricated transducer can sense
strain (first mode), and temperature (second mode) and can power itself
thermoelectrically (third mode). This yarn-based transducer differentiates
itself from existing literature as it exhibits the highest combined values of
sensitivity and stretchability reported for self-powered strain sensors.
Thanks to the insight acquired on the sensing mechanism of functional
coating, we also demonstrated that the strain sensitivity could be
adjusted by a simple processing parameter, namely the pre-strain value,
in a wide range and for different target values. Moreover, the general
applicability of the fabrication concept could be extended to a broad
range of materials and hence properties, by coating different classes of
thermoelectrical materials on various elastic/soft materials. As a proof of
concept, we also demonstrated a wireless movements’ detector and a
proof-of-concept glove, which can harvest body energy and sense the
environment and object temperature in a self-powered mode.

to different stimuli'**® have been demonstrated, a number of
critical constraints still limit the practical use of flexible sen-
sors. One of the key challenges is how to retain functions (e.g.
ability to sense, energy storage/harvesting, electrical/thermal
conductivity) at large deformations. For example, strain sensors
with either high gauge factor (GF) (up to 1000-16 000) and low
strain at break (2-7%)'%*° or, vice versa, with a wide range of
working strain (up to 280-300%) but low GF (0.06-13.1), have
been reported.”’>* Recently, this challenge has been partially
addressed by incorporating auxetic mechanical metamaterials
(GF ~ 800 and strain-at-break of 160%),>* or by patterning
silver nanowires on polydimethylsiloxane films (GF ~ 150000
and strain-at-break of 60%).>®

Beyond the sensitivity/deformation dichotomy, the need for
(typically rigid) energy storage devices is another critical con-
straint limiting the practical use of flexible and highly deform-
able sensors. Developing autonomous systems that are able to
generate enough power in situ using, for instance, the
photovoltaic,”*?® piezoelectric,> triboelectric,’>*" and thermo-
electric (TE) effect,">**" could be a solution. Thermoelectricity

Mater. Horiz., 2021, 8, 2513-2519 | 2513


http://orcid.org/0000-0002-4643-6665
http://orcid.org/0000-0003-1769-9789
http://orcid.org/0000-0001-5256-2388
http://orcid.org/0000-0002-8663-9782
http://orcid.org/0000-0003-3725-9334
http://orcid.org/0000-0001-5454-0609
http://orcid.org/0000-0003-1198-7528
http://orcid.org/0000-0002-2650-3728
http://orcid.org/0000-0001-7499-5117
http://orcid.org/0000-0001-5558-5040
http://orcid.org/0000-0002-8532-4244
http://orcid.org/0000-0002-0479-224X
http://orcid.org/0000-0003-3952-1148
http://crossmark.crossref.org/dialog/?doi=10.1039/d1mh00908g&domain=pdf&date_stamp=2021-07-16
http://rsc.li/materials-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1mh00908g
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH008009

Open Access Article. Published on 12 July 2021. Downloaded on 12/7/2025 1:04:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

allows harvesting of energy from ubiquitous temperature dif-
ferences, such as body temperature to ambient temperature, in
a reliable and consistent manner.

Fibre-based sensors have attracted particular attention in
wearable applications. They possess many features, such as
high surface area, good flexibility and recoverable deformation.
However, fibre-based strain sensors usually have very low
electrical conductivity because the addition of sufficiently high
conductive filler content can significantly affect their spinn-
ability and mechanical properties. The conflict between the
mechanical properties and electrical conductivities also hin-
ders the development of a stretchable temperature sensor.
Moreover, the low electrical conductivities limited the thermo-
electrical efficient so that no self-powered strain/temperature
sensor based on yarn has been reported.

We present, for the first time, an ultrasensitive self-powered
smart yarn, based on the thermoelectric properties of PED-
OT:PSS (poly(3,4-ethylene-dioxythiophene)-poly(styrene sulfo-
nate)) coated on a commercial Lycra® yarn (detailed in
ESIF?°). By imposing and tuning cracks in the PEDOT:PSS
coating layer, we achieve a unique combination of large defor-
mations and ultrahigh sensitivity. Moreover, the sensor could
be autonomously powered by the thermoelectric response of
the PEDOT:PSS coating, when subjected to a temperature
gradient (e.g. 20 K), and detect, for instance, cyclic strains
and temperature (difference).

The ultra-sensitive smart yarn was fabricated by a swell-
coating method (Fig. 1A), which involves the application of a
PEDOT:PSS layer via dip-coating over the surface of a pre-
swelled multifilament Lycra® (commercial polyurethane) yarn.
Pre-swelling in dimethyl sulfoxide (DMSO) and the additional
presence of DMSO in the aqueous PEDOT:PSS coating suspen-
sion, generates a more robust PEDOT:PSS coating layer, which
results in a significantly increased electrical conductivity
(Fig. S1, ESIt) and improved water-stability (Fig. S2, ESIt). A
unique surface morphology, with a wrinkled PEDOT:PSS coat-
ing layer, was formed during the drying process, due to the
difference in volumetric shrinkage between PEDOT:PSS and
Lycra® yarns as well as the large mismatch in their stiffness
values (the Young’s modulus of PEDOT:PSS and Lycra is 1500
MPa and 7.5 MPa, respectively). Although the shrinkage takes
place in both longitudinal and transverse direction of the yarn
(Fig. S3, ESIY), transvers wrinkles (i.e. perpendicular to the
yarn’s axial direction) are much more evident than along the
other direction (Fig. 1B). This is believed due to the larger axial
deformation taking place during the drying and shrinkage
process, as a result of the yarn’s geometry (i.e. large aspect
ratio) and its anisotropy (i.e. PU molecules are aligned along the
yarn direction), which is induced by the spinning and stretch-
ing production process. A relatively good interfacial adhesion
between the PEDOT:PSS layer and the polyurethane substrate
was observed (Fig. 1C), attributed to the formation of hydrogen
bonds between the oxygen-containing groups in the PEDOT:PSS
and the N-H groups of polyurethane yarns. The interfacial
shear stress is estimated at around 1.4 MPa by using the
critical length observed from SEM images and by fitting the
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Fig. 1 Fabrication of PEDOT:PSS coated Lycra® yarn, its morphology and
sensitivity to strain. (A) Schematic illustration of the 2-step swell-coating
procedure for fabricating PEDOT:PSS coated Lycra® yarn (PY). (B) Surface
and (C) cross-sectional SEM images of PY, showing the wrinkled PEDOT
coating the yarn as a result of shrinking. Resistance change and the
corresponding gauge factor of: (D) the 1st time strain cycle of PY (to
300% max strain) and (E) the 6th strain cycle of CPY-300 (cracked PY at
3007% pre-strain) up to a 200% max strain, with low strain values in insets.
(F) The summary of the maximum working strain and GF of self-powered
strain sensors in literature, 3234356164 compared with this work's results.
(G) Resistance changes of 1000% strain and the presentative 1st and 10th
time resistance change with strain of CPY-1000.

Kelly-Tyson and Agrawal-Raj model (detailed in Note S1,
ESIT%77%9). The coating process was optimized, particularly in
relation to the electrical properties, by investigating a number
of processing parameters ranging from PEDOT:PSS concen-
tration, to coating times and number of coating layers, as
described in details in Note S$2 (ESIt). The optimized Lycra®
yarn coated by PEDOT:PSS, is defined as PY and is used as the
basis for the following investigations. PY was measured to have
an electrical resistivity of 330 = 35 Q cm™ ' and ~0.4 wt%
PEDOT:PSS overall content (calculated as in Note S3, ESIT*"*?).
The study of the electrical properties of the coated yarns
during deformation needs further attention as it is pivotal for
the strain sensing performance. Upon stretching, an exponen-
tial increase in the PY electrical resistance is observed (Fig. 1D),
with a large variation in the GF values - defined as the slope of
the relative change in electrical resistance versus strain curve:

d(AR/R,)/d(e),

where the AR is the corresponding resistance variation with
strain (¢), and the initial resistance (R,) refers to the yarn’s
resistance at 0% strain. The GF starts from a value of less than
3.0 x 10?, in the strain range of 80-100%, to reach a high value
of up to 1.8 x 10° when the strain is between 260% and 300% of
the same loading cycle. This is due to the fragmentation of the
conductive coating layer upon tensile loadings (Fig. S6, ESIf).

This journal is © The Royal Society of Chemistry 2021
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Considering the rigid nature and low strain-to-break of PED-
OT:PSS coating, it is expected that this conductive coating layer
will start to crack at very low strain (i.e. <5%), as evidenced
by the irreversible resistance change upon unloading and by
optical microscopy pictures (Fig. S6a, ESIT).

This PY yarn, after unloading from a 300% strain, is termed
CPY-300 (crack-induced PY subjected to a 300% strain).
After unloading from the first cycle up to 300% strain, the
PEDOT:PSS coating layer was cracked, and the Young’s mod-
ulus of the yarn reduced to approach the modulus of pure
Lycra® yarns (Fig. S4 and Table S1, ESIt). This indicates that
the PEDOT:PSS layer has cracked into patches (Fig. S6, ESIT)
smaller than the critical length for mechanical reinforcement
and cannot transfer the tensile stress from the yarn substrate,
i.e. the load is mainly carried by the polyurethane. The resis-
tance of CPY-300 increases 10 times after a 10 minute relaxa-
tion after pre-strain. It worth to note that the resistance of the
CPY-300 at 0% strain has been taken as a new R, for following
measurements.

To better understand the sensitivity of CPY-300, subsequent
loading cycles with up to 200% strain were applied. Interest-
ingly, it is found that the strain sensitivity of CPY-300 is much
higher than that of the (non-cracked) PY, even in the low strain
range, reaching GF of 2.1 x 10% compared to only 82 for PY, at
30-40% strain (Fig. 1E). This is due to the specific PEDOT:PSS
coating patterned morphology created upon first tensile load-
ing. A cracked, but still interconnected, conductive coating
layer induces a higher strain sensitivity as even small macro-
scopic strain can cause a large localized deformation, with
conductive PEDOT:PSS patches separating from each other
which, in turn, suddenly increases the electrical resistance. In
the strain range of 50% to 200%, the GF of CPY-300 reaches
4.9 x 10*, 166-fold higher than the original PY. It is worth
noting that a slightly increasing trend of GF was observed
between the second and the fourth tensile loading, attributed
to a small refinement of the cracked coating morphology. After
the fourth cycle, the morphology becomes invariant and the
resistance change with strain becomes stable and reversible
(Fig. S5A, ESIT*7®°). The obtained CPY shows an unprece-
dented combination of properties, including an outstanding
sensitivity to deformation together with a very wide strain
sensing window. CPY-300 fills the long existing gap in strain
sensors possessing high sensitivity and high deformation
range, simultaneously (Fig. S5B, ESIt). Compared to the sensi-
tivity values from literatures,**?**>%17%* our CPYs show the
highest GF values ever reported for self-powered strain sensors
(Fig. 1F) together with an excellent maximum working strain.

To study the effect of a different pre-strain, the CPY has been
further stretched, up to 1000% strain (Fig. 1G). This new
sample, named CPY-1000, shows a 3000-fold higher strain
sensitivity (GF: ~3.6 x 10°), compared to CPY-300, and good
reversibility. Due to the relatively higher electrical resistance,
however, the measurable range of CPY-1000 is limited to 20%
strain. The superior sensitivity of CPY-1000 is attributed to a
further refinement of the coating morphology, with more
loosely connected conductive PEDOT:PSS patches and the

This journal is © The Royal Society of Chemistry 2021
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presence of secondary cracks (Fig. S6, ESIT) induced by this
large pre-strain. A more detailed description of the mechanism
of crack patterns formation and its effect on sensitivity, can be
found in Note S4 (ESIt), where a more comprehensive series of
CPY were prepared, with pre-strains ranging from 5% to 100%,
and characterized for their morphological, mechanical, electri-
cal and impedance spectroscopic properties. The impedance
spectroscopy of a representative PY and CPY reveal a pure
resistive behaviour dominating in the beginning. With strain
increasing, cracks partially disconnect the conductive patches
from each other, developing capacitor-like behaviour. After pre-
stretched, high strain (>50%) will introduce a combined
behaviour, i.e., an equivalent circuit of two resistor and capa-
citor parallel combinations, connected in series. Importantly,
we found a reproducible relationship between the pre-strain,
the crack morphology and subsequent electrical impedance
that enables us to program the electrical properties of the yarn.
Clearly, the different pre-strain (e.g. 300% or 1000%) is a simple
and efficient parameter to tune both sensitivity and deforma-
tion range, which could be programmed in view of a different
final application.

Thermoelectricity provides potentially a robust and reliable
mechanism to harvest sufficient energy to power our sensing
yarns. As expected from the presence of PEDOT:PSS coating, the
yarns show a typical p-type thermoelectric behaviour: within
the temperature range 210 K to 360 K (Fig. 2A), the positive
Seebeck coefficient («) shows a small increase from 11 uV K™ ' to
15 puv K~ ' and the resistivity decreases by half, which are in line
with properties reported in literature for PEDOT:PSS films
treated by DMSO.** The Seebeck coefficient of CPY remains
invariant compared to PY, even though the induced cracks
in the coating increase the resistivity 2500-fold after 300% pre-
strain.
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Fig. 2 Thermoelectric properties of the PY. (A) Unit length (1 cm) resis-
tance and Seebeck coefficient of stretched and unstretched PY, under
temperature sweep from 200 K to 360 K. (B) Power output (circle) and
voltage output (triangle) of 2 cm long PY under different temperature
gradients, when various external loads are applied. (C) The photograph and
the illustration of the 10 pair legs fabric-based thermoelectric device, and
its (D) power output (circle) and voltage output (triangle) under different
temperature gradients.
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When the PY is connected to a variable external load
resistance, the voltage and power output can be measured
under various temperature differences (AT). The open-circuit
voltage Uspen (Uopen = ®AT) is expected to increase linearly with
the temperature difference between the ends of the sample
(Fig. 2B). The maximum power output Py (= U*/2R = AT>4*/2R,
where R is the internal resistance of the yarn) should instead
increase with the square of AT. It can be observed that a single
yarn with a length of ~1.5 cm, under a temperature gradient of
35 K, can generate a power of 60 pW. With the temperature
difference increasing to 95 K, 1.3 mV can be generated, together
with a maximum power output of 480 pW. The current power
output level is promising but only if a multi-leg’ fabric-like
device can be produced, with both p- and n-type yarns and low
enough internal resistance. A basic device design, shown in
Fig. 2C, is manufactured by sewing 10 PYs as p-type legs and
constantan wires acting as both n-type ‘leg’ and electrical
connections. PYs and constantan wires were connected in
series via knotting the constantan wire on the PY’s ends.
Such a thermoelectric device, with 10 pairs of ‘legs’, can

View Article Online
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generate 18 mV and 105 pW under a temperature gradient of
only 35 K (Fig. 2D).

Our ultra-sensitive CPY smart yarns could then potentially
be used in various multi-functional applications such as wire-
less strain sensors as well as self-powered strain sensors. When
connected with external power, the CPY-300 works as a strain
sensor with wide sensing range of strain and ultrahigh sensi-
tivity. A clear resistance change can be observed both at large
strains, i.e. 200%, tested at 100% min " strain rate (Fig. 3A-i),
and low strain strains, i.e. 1%, tested at 10% min ™" strain rate
(Fig. 3A-ii). The strain rate has been selected taking in con-
sideration a constant data acquisition rate of 1 point
per second. The effect of tensile strain rate (from 5% min "
to 150% min ") is to slightly increase the sensitivity from GF ~
120 to 165, which is consistent with the viscoelastic response of
Lycra®™ (Fig. S7, ESIt). The lowest strain, 1%, gave a 2-fold
resistance change, which corresponds to a GF of 200 as shown
in the insert of Fig. 3A-ii. As a 10 mm yarn has been used for
this test, the strain detection limit of CPY-300 is « 0.1 mm. And
the response time is in the order of tens of milliseconds, if not
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Fig. 3 Demonstration of the CPY applications. An externally powered strain sensor (A) under (i) high and (ii) low strain & strain rate, showing ultrahigh
sensitivity with a wide operation window. Demonstration of CPY working as (B) wireless strain sensor by connecting with Bluetooth®, and (C) self-
powered strain sensor by collecting the short circuit current output under small strains (with 10% mm™! strain rate) and under constant temperature
difference (AT ~ 20 K). (D) Demonstration of CPY working as self-powered temperature (gradient) sensor: the open circuit voltage output at different
temperature differences with different strains, and the (E) influence of different strains onto thermal voltage output, measured in open circuit.
(F) Demonstration of a smart glove with CPY applied as energy generator by body heat and self-powered temperature sensor, with the temperature of
heat pad is 60 °C.
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smaller (Fig. S13A and C, ESIt). Based on the wide sensing
range, this strain sensor could be used in wearable devices for
body motion monitoring, as demonstrated for example in
Fig. 3B. The sensing signal (AR/R,), which increases synchro-
nously to the bending of the index finger, can be transmitted
wirelessly in real-time to a mobile phone.

In absence of an external power supply, the CPY can also
function as a self-powered sensor upon application of an
ambient temperature gradient. When the CPY is connected in
short circuit (Fig. 3C), the current output will change with
strain, as a consequence of the CPY’s resistance change. A
thermal current is developed in the circuit at a temperature
gradient of 20 K. This constant temperature difference along
the film generates a thermal voltage (U), which is independent
of the strain. Therefore, the current I(¢) = U/R(¢) is inversely
proportional to its resistance (R). Fig. 3C shows the output
current signal change as a function of the imposed strain,
demonstrating the ability to sense and generate thermoelectric
power concurrently.

Based on its intrinsic thermoelectric properties, the CPY can
also be used as a temperature (gradient) sensor. A variable
temperature on one end of the CPY can be detected by a change
in voltage (Fig. 3D), with a constant reference temperature (e.g.
room temperature) at the other end of the yarn, so that CPY
could supply different voltages accordingly. The response time
for a 7k gradient is smaller than 23 s (Fig. S13B, ESIt). However,
for multi-sensor applications, in general, it is important to be
able to discriminate the signals induced by different stimuli. In
our case, cross-sensitivity can be tackled easily by testing open
circuit voltage for temperature signals, and short circuit current
for the strain signals, as for the circuit diagrams in Fig. 3C and
F. The effect of the temperature gradient variation on the short
circuit current (Iy) could be calculated as Iy = U/R;, where the R;
is the resistance of the yarn. I can be easily subtracted from the
total current signals (I = Iy + Ip) to derive the deformation
stimuli (Ip) - hence tackling the cross-sensitivity. Meanwhile,
strains have no influence to the voltage output, which is also an
essential requirement for multi-functional and self-powered
strain sensors. The voltage output (U), i.e. open circuit voltage,
has been measured under different strains (Fig. 3E). This
voltage is constant, at the same temperature difference, for
any strain between 0% and 30%. Here it is worth to be noted,
due to the ultrahigh resistance sensitive to the strain, the open
circuit voltage can only be measured accurately below 30%
strains when the resistance of the voltage meter cannot be seen
as ‘open’ compared to resistance of the yarn. This demonstrates
that, within this strain range, the CPY thermoelectric voltage
output signal only depends on the temperature difference. This
is because the voltage output is only relying on the temperature
difference (AT) between the two ends of the composite yarn as
determined by equation U = SAT, where the Seebeck coefficient
(S) of the coated yarn is kept at ~15 pV K * (typical value of the
DMSO doped PEDOT:PSS films®?). The Seebeck coefficient is
not affected by the cracks (Fig. 2A). Upon stretching, the overall
temperature difference (AT = T}, — T.) is constant and defined
by the hot end (7},) and room temperature (T.). Hence, CPY can

This journal is © The Royal Society of Chemistry 2021
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be considered as a self-powered temperature (gradient) sensor,
with the voltage output as the data acquired. The relationship
between open circuit voltage and temperature difference is
linear (U = 0.42 x AT), with an overall Seebeck coefficient for
the 10 couples defined by the slope of the curve (Fig. S14, ESIT).
Besides, the sensing performance of the sensor is stable under
different ambient temperatures (at least between 210 K and 360
K, Fig. 2A), and humidity (relative humidity between 20% and
80%, Fig. S15, ESIY).

As a proof of concept, a ‘smart’ glove has been fabricated by
sewing CPY through the fabric of a thermally insulated glove
and fixing both sides (Fig. 3F). Electrodes were embedded by
knotting thin copper wire at the ends. The connection between
the yarn and electrodes was enhanced by carbon grease and
ethylcyanoacrylate (Loctite®, Henkel). In such configuration,
the hand temperature is kept constant by the glove, and can
then be considered as the reference temperature of the CPY
sensor. Therefore, the ambient temperature or the temperature
of an object in contact with the glove can be sensed. In a
different embodiment, a CPY can harvest body heat and power
a second CPY strain sensor. Considering the small temperature
difference (AT ~ 10 °C) normally existing between human body
and the environment, it can be estimated that 1.8k couples of
PYs and constantan wires with 5 mm length are required to
reach a power output of 10 pW, which is normally the require-
ments for operating wearable electronics (Note S5, ESIt).

These results demonstrate that CPY could be used as multi-
functional self-powered sensors, with both strain and tempera-
ture detection, energy harvesting, and physical properties such
as high deformability and water resistance suitable for a wide
range of applications.

Conclusions

In conclusion, we report a self-powered, ultra-sensitive strain
and temperature sensor based on PEDOT:PSS coated Lycra®™
yarn, prepared by a simple swell-coating method. The ultrahigh
sensitivity to strain (GF ~ 49000 at 50% to 200%) and large
stretchability (up to 1000%) provide a unique combination of
properties addressing the long existing challenge in strain
sensors, with the highest value achieved in both sensitivity
and stretchability simultaneously. By controlling the pre-strain
value to induce crack patterns of the conductive PEDOT:PSS
layer on Lycra®, the sensitivity can be adjusted for different
target values. The thermoelectric properties of the PEDOT:PSS
has been preserved, with a Seebeck coefficient of 15 uv K *
after stretching, providing temperature sensing ability (regard-
less of deformation) and/or energy harvesting for self-powered
sensing. The open circuit voltage signal can be used to detect
temperature variations, while the short circuit current can be
used to sense mechanical deformations.

Our sensing yarns have great potential for various applica-
tions, especially wearable electronics. A wireless movements’
detector and a proof-of-concept glove, which can harvest
body energy and sense the environment and object temperature
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in a self-powered mode, have been developed as simple
demonstrators.

Looking into further developments, one challenge to further
broaden the practical applicability will be to increase the
power output. The power harvested by thermoelectricity
(~60 pW under AT ~ 35 K for 1 yarn) is, for instance,
still insufficient to operate commercial data transfer systems
(~10 pW typically required). The development of more efficient
organic thermoelectric materials, particularly n-type, could be a
potential strategy for reaching high TE powers. Alternative
energy harvesting mechanisms, like piezoelectricity and triboe-
lectricity, perhaps in combination with flexible energy storage
solutions, could also yield promising results.
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