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Abstract

For wearable applications such as electronic skin and biosensors, stretchable conductors are
required (~30% strain to follow the skin extension). Owing to its high conductivity, good
flexibility, low-cost, and ease of processing, poly(3,4-ethylenedioxythiophene) (PEDOT)
appears as a promising candidate. However, destructive cracks come out above 10% strain in
the case of PEDOT:PSS, the most common form of PEDOT. Different strategies have already
been investigated to solve this problem, including the design of specific structures or the
addition of plasticizers. This article presents a different approach to obtain highly conductive
and stretchable PEDOT materials, based on doping with small counter-anions. We indeed
demonstrate the intrinsic stretchability (up to 30% strain) of thin films (35 nm) of PEDOT-
based materials with small counter-ions. Both thin-PEDOT:OTf (triflate counter-ion) and thin-

PEDOT:Sulf (sulfate counter-ion) films remain structurally resilient up to 25—-30% strain, and



their electrical conductivity remains remarkably stable over more than 100 cycles. Under
limited strain (< 30%), polarized UV-Vis-NIR measurements (parallel and perpendicular to the
stretching direction) show that the conductivity of the material is improved by chain
alignment in the stretching direction. As a proof of concept, a thermotherapy patch is
presented. It shows a fine temperature control (stability around 40°C at 9 V bias) and a

uniform heating across the surface.

l. Introduction

Organic electronics have become increasingly attractive in recent years, chiefly thanks to the
availability of easily processed, lightweight organic materials with good mechanical
properties. The most widely used conductive polymer, poly(3,4-ethylenedioxythiophene)
(PEDOQT), can be engineered to have a conductivity higher than 5000 S-em L1 while its
polymeric nature makes it highly flexible and suitable for wearable devices.®® For certain
applications however, such as electronic skin and wearable biosensors, stretchability is also
required.g_11 The most common form of PEDOT is the PEDOT:PSS, with a polystyrene
sulfonate (PSS) counter-anion, notably because of its commercial availability. Although it is

1213 There are

intrinsically slightly flexible, destructive cracks appear above 10% strain.
different possible strategies to make conducting materials stretchable or improve their
stretchability. The first is to use a specific structure or design (wavy, buckling, meandering or

serpentine), for example by depositing the conductive material on a pre-strained (pre-

stretched) elastomeric substrate. The second approach is to increase the stretchability of the
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material itself by adding plasticizers. For PEDOT:PSS, a variety of plasticizers have been

12,18-21 22-24 25,26

tested including surfactants , ionic liquids, polymers and biocompatible

compounds such as d-sorbitol.?’

This article presents a different approach to obtain highly conductive and stretchable PEDOT,
based on doping with small counter-anions. In PEDOT:PSS indeed, the PSS phase
predominates and prevents the polymer chains from easily sliding past each other during
stretching. Here, we report on the mechanical properties of two PEDOT-based materials,
with either a triflate counter-ion (PEDOT:OTf) or a sulfate/hydrogen sulfate counter-ion
(PEDOT:Sulf). The PEDOT in this work is synthesized with short chains (a few tens of units)
and small counter-ions, with a form and morphology that have been investigated through X-
rays diffraction and AFM (Atomic Force Microscopy) measurements on glass substrate.™?
Such PEDOT materials were shown to be highly flexible and able to keep excellent electrical
performances even after hundreds of cycles when deposited on polymeric substrates.?® For
both counter-anions, two different film structures were evaluated thick-PEDOT films (500
nm thick) and thin-PEDOT films (30—35 nm thick). The goals of this study were to investigate
the interplay between electrical and mechanical properties in these PEDOT materials, and to
demonstrate their intrinsic stretchability and suitability for use in heat patches. The
requirement in this context is that the sheet resistance should be maintained at a similar
level up to strains of at least 30%, the maximal strain imparted by knee flexion.?®*

When interpreting resistance/strain curves, it is important to remember that increases in
resistance may simply be due to changes in the shape of the sample, through the Poisson
effect, rather than to a drop in conductivity. The Poisson effect (directly related to the

Poisson ratio, v, of the substrate—conductive film material), namely the transverse

contraction of the sample (decrease in width, w, and thickness, t) during axial elongation



(increase in length, L). The expression for the relative resistance of the material, R/R0, as a

function of the strain is:
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with gy, € and g; the changes in width, thickness, and length of the conductive film, and v,,

and v; the associated Poisson ratios.

This equation was derived from the Poisson ratio equation, as described by He et al.”’ The
change in relative resistance R/RO of the material due to Poisson effect can be plotted as a
function of the strain (Figure S1). Here, the Poisson ratio of the substrate (styrene—
ethylene/butylene—styrene, SEBS) has been used for vy (= 0.499) * and the one of

PEDOT:PSS for v¢ (= 0.350) !, as described by He et al.”’

The change in resistance as a function of the strain was measured using a custom test bench
with a specific mask and frame for the samples (Figure 1.a). The main advantage of this
setup is that the electrical contact is not taken under the clamps, which avoids contact loss
during stretching. This setup also allowed two samples to be tested simultaneously, allowing

their behaviors to be compared accurately under identical strains and strain rates.

Il. Results and Discussion

We first compared the properties of thick-PEDOT:OTf (OTf = triflate counter-ion) samples
prepared in either straight or wavy lines (Figure 1.a), to evaluate the effect of the design. To

compare the electrical behavior of the two configurations (straight and wavy) under strain,



the resistance of the samples was continuously measured over five cycles from 0% to either

10% and 30% strain (Figure 1.b,c).
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Figure 1. (a) Photographs of straight (left) and wavy (right) lines of thick-PEDOT:OTf (=500 nm) on
SEBS and the equipment used for the stretching tests. (b,c) Evolution of the resistance of thick-
PEDOT:OTf lines (straight and wavy) on SEBS during 5 stretching cycles from 0% to (b) 10% and (c)
30% strain. (d) Resistance of the relaxed system as a function of the number of cycles at 30% strain.

There is a clear difference in the behavior of the two systems at 10% strain (Figure 1.b). The
relative resistance of the wavy line increased by less than 1.5% in each cycle, while the
relative resistance of the straight line had increased by 26% by the fifth cycle. An offset is still
observed between the R/RO profiles measured for the straight and wavy line at higher
strains (Figure 1.c), but contact was lost in both cases at 30% strain. Figure 1.d shows that

contrary to the cumulative increase observed for the straight line sample, the resistance of



the wavy sample returned to the initial value after each of 10 stretching cycles at 30% strain.
This recovery of conductivity was observed after stretch/release cycles at all levels of strain
from 10 to 80% (Figure S2). When measured 5 min after release from 80% strain, the
resistance of the wavy line was less than 15% higher than at the start of the experiment.

These first results seem promising for electrical switch applications.

Even with a wavy design, the thick-PEDOT:OTf films did not remain intact up to 30 % strain
as required in stretchable electronics. In light of these disappointing results, the
stretchability of thick-PEDOT:Sulf (Sulf = sulfate counter-ion) films was not studied, and we
focused instead on the stretchability of thin-PEDOT films, which as well as being thin (= 35
nm thick), have a higher conductivity (> 3000 S-cm™) and high transparency ( > 80%). The
properties of the different PEDOT films are compared in Table S1. Samples of thin-
PEDOT:OTf and thin-PEDOT:Sulf were studied simultaneously . For these experiments, the
SEBS substrate was fully coated by the polymers because the spin-coating method used

offers no control over the location of the conductive material.

Figure 2.a,b shows the resistance profiles of the thin-PEDOT:OTf and thin-PEDOT:Sulf films
over five cycles up to 10% and 30% strain. The strain cycling data for these films are
presented in full in Figure S3. The conductivity of both films remained highly stable even at
30% strain, increasing by no more than 17% in the first cycle. Note that the resistance was
highest at the maximal strain, but lowest (i.e. the conductivity was highest) at around 15%
strain. A plausible explanation for this positive effect is that a small amount of strain
increases chain alignment, which promotes current flow in the stretching direction. This

hypothesis is discussed further below.



The resistance of the films was measured up to 100% strain, without any contact loss. Figure
2.c shows that both films preserved most of their electrical performance up to 50% strain,
after which their resistance increased sharply, up to a maximum of 23-fold for thin-
PEDOT:OTf and 17-fold for thin-PEDOT:Sulf. Figure 2.c also shows that the electrical
properties of the thin-PEDOT:OTf film recovered better (R/RO = 6 at 0% strain, after the
100% strain cycle) than those of the thin-PEDOT:Sulf film did (R/RO = 8), even though the

conductivity loss at 100% strain was greater for the thin-PEDOT:OTf film.

This may be the result of the type of cracks that form at high strain. Figure 3 shows optical
microscopy images of thin-PEDOT:OTf, thin-PEDOT:Sulf and thin-PEDOT:PSS (50 nm) films
recorded during a 50% stretch/release cycle. The thin-PEDOT:PSS film was studied here as a
reference material because of its widespread use and its chemical structure with a large
polymeric counter-anion. In this film, wide cracks formed across the whole width of the
sample, breaking the electrical path and preventing any mechanical healing. These
observations are consistent with the very limited stretchability of this material. In the thin-
PEDOT:OT( film, the first cracks, thin (=3 um) and short (=20 um), appeared at around 25—
30% strain, but disappeared after stretching, the film being uniform again, without
noticeable cracks. For thin-PEDOT:Sulf, the first cracks appeared above ~35% strain and were
as long as the ones in thin-PEDOT:OTf, but wider (10 um versus 6 um) and fewer (see Table
S2). Wider cracks remain after strain release, preventing any potential healing of the film.
These results are in keeping with the lower resistance increase observed for the thin-

PEDOT:Sulf film and the better recovery of the thin-PEDOT:OTf material.
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Figure 2. Evolution of the resistance of thin-PEDOT:OTf and thin-PEDOT:Sulf films during five cycles of
stretching up to (a) 10% and (b) 30% strain. (c) Hysteresis of the resistance of thin-PEDOT:OTf (30-35
nm, red), thin-PEDOT:Sulf (30-35 nm, light green) and thick-PEDOT:OTf (500 nm, purple) on SEBS
during stretching tests up to 100% strain. (e, d) Evolution of the resistance of (d) thin-PEDOT:OTf and
(e) thin-PEDOT:Sulf, after 125 stretching-cycles at 10% (blue), 20% (red), 30% (dark green) and 40%
(yellow) strain.
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Figure 3. Optical micrographs of thin-PEDOT:PSS, thin-PEDOT:OTf and thin-PEDOT:Sulf films on SEBS
during a stretch/release cycle (0%—>50%—>0% strain).

An important property of stretchable conductors is their electrical stability upon cycling.
Figure 2.d,e shows that the electrical conductivity of both thin-PEDOT:OTf and thin-
PEDOT:Sulf films remained highly stable over 125 cycles up to 30% strain, with relative
resistance increases less than 26% for thin-PEDOT:OTf and less than 39% for thin-PEDOT:Sulf.
At 40% strain however, the resistance more than doubled after just a few cycles, probably

because of the formation of multiple cracks (Figure 3).
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Figure 4. (a) Expected increase in relative resistance with increasing strain due to sample
deformation (solid line) compared with experimental data for thin-PEDOT:OTf films on SEBS
(magenta triangles). (b—d) UV-Vis-NIR absorbance parallel (//) and perpendicular (L) to the stretching
direction in thin-PEDOT:OTf films chains for 0, 10 and 30 % strain, with PEDOT:OTf chain alignment
evidenced by higher absorbance in the parallel than in the perpendicular direction. (f) Dichroic ratio
(parallel absorbance / perpendicular absorbance) as a function of strain (%).

As described by Equation 1, if the conductivity of a material remains constant under strain,
its resistance should increase because of sample deformation. Figure 4.a shows that up to

45% strain, the resistance measured for thin-PEDOT:OTf films was lower than the value



calculated with Equation 1 and the Poisson ratios of SEBS and PEDOT. This means that the
conductivity of thin-PEDOT:OTf films increases under stretching. Figure S5 displays the
variation of the relative resistance of the material as a function of strain during stretching
cycles. This effect has been reported previously and is ascribed here to chain alignment

parallel to the stretching direction.?*%®

To confirm this hypothesis, we measured the
absorbance parallel and perpendicular to the stretching direction of samples under 0, 10 and
30% strain by polarized UV-Vis-NIR spectroscopy (Figure 4.b-d). The optical anisotropy of the
samples was quantified using the dichroic ratio, the ratio of the absorbances measured
parallel and perpendicular to the stretching direction at a given wavelength. Figure 4.e
shows that between 0% and 30% strain, this ratio increases linearly up to about 2.5,
corresponding to an order parameter OP=(DR-1)/(DR+2) of 0.33 and indicating that the
PEDOT chains are preferentially oriented parallel to the stretching direction. This explains
the conductivity increase observed under strain, since charge carrier transport is known to
be more efficient along chains than across them.?? The origin of the peak around 800 nm in
the spectra parallel to the stretching direction (Figure 4.c,d) is unclear. It may be a
measurement artifact (due to the low absorbance of the films). It may also reflect a slight de-
doping of the material (i.e. the chains becoming more neutral), suggesting that some

counter-ions may be squeezed out during stretching, as described by Wang et al. for their

PEDOT films doped and plasticized with ionic quuids.22

The results of these stretching tests indicate that thin-PEDOT films are suitable for electronic

skin applications, such as heat patches, which are used in physiotherapy,33 to reduce pain,

4 . . . . 7 .
3435 improve blood circulation®® and accelerate healing.>” As mentioned above, based on the

level of stretching of the knee skin, the films must be able to sustain around 30% strain.?*%
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Figure 5. (a) Heating curves of PEDOT:OTf thin films on SEBS, at 6, 9 and 12 V. (b) Images of a thin-
PEDOT:OTf patch (i) in resting position and (ii) during small (>10%) stretching. Infrared images of a
PEDOT:OTf thermotherapy patch (8 x 5 cm?) heated to 40°C (9 V applied) (c) on an extended knee, at
rest, and (d) during knee flexion.

A 8 x 5 cm? thermotherapy patch was produced using thin-PEDOT:OTf on SEBS, with an
average sheet resistance of 150 Q.sq™'. The heating mechanism is the Joule effect, which
depends on the resistance of the material (Pjoye = U2/R).38 Temperature profiles on the
underside of the patch were measured at 6, 9 and 12 V (Figure 5.a), to ensure the
temperature would not exceed 45°C when applied on the skin (to avoid any pain or burning;

the temperature of the skin is generally about 30°C).>**

At 6 V the temperature after 100 s
was only 30°C, while at 12 V the temperature reached 55°C. At 9V (=20 mA), the
temperature reached 40°C after 200s, and this was the voltage used in subsequent tests on
skin. Figure 5.c shows infrared images recorded during and after application of the patch on
the knee. The heating was uniform and persisted for a few seconds after removal. Figure 5.d

shows that although slightly less heating was obtained during knee flexion, the patch



remained effective. This proof of concept highlights the potential of stretchable PEDOT

based materials, in particular for the development of new stretchable transparent heaters.

1. Conclusion

The results presented in this paper demonstrate the intrinsic stretchability (up to 30% strain)
of thin films of PEDOT-based materials with small counter-ions. Both thin-PEDOT:OTf and
thin-PEDOT:Sulf films remain structurally sound up to 25-30% strain, and their conductivity
remains remarkably stable over more than 100 cycles. Under limited amounts of strain (<
30%), polarized UV-Vis-NIR measurements (parallel and perpendicular to the stretching
direction) show that the conductivity of the material is improved by chain alignment in the
stretching direction. A thermotherapy patch produced with thin-PEDOT:OTf showed good
temperature control (a stable 40°C at 9 V bias) and uniform heating across the surface. We
think that the proposed approach could expand the range of materials for flexible

transparent heaters and the use of stretchable conductive polymer materials in general.

Experimental section

Materials

3,4-Ethylenedioxythiophene (EDOT), N-methyl-2-pyrrolidone (NMP), iron(l11)
trifluoromethanesulfonate  (Fe(OTf);), polyethylene  glycol-polypropylene  glycol-
polyethylene glycol (PEG-PPG-PEG) Mw = 5800 g.mol™, ethylene glycol (EG) and toluene
were obtained from Sigma-Aldrich. Anhydrous ethanol was purchased from CARLO ERBA
Reagents. Polystyrene-b-poly(ethylene-butylene)-b-polystyrene (SEBS) Tuftec'™ H1052 was
graciously supplied by Asahi Kasei. PEDOT:PSS Clevios™ PH1000 was purchased from

Heraeus.
Fabrication of PEDOT:OTf and PEDOT:Sulf films
The SEBS substrates were prepared by spin-coating a solution of SEBS (dissolved in toluene

at a concentration of 200 mg-ml™) on a glass substrate (10 x 10 cm?) at 500 rpm for 1 min.

The coated substrate was then heated on a hot plate at 70°C for 5 min.



Thick-PEDOT:OTS film was prepared as follows: Fe(OTf); was dissolved at 63 mg-mL™" in a
solution containing 85.0 wt% ethanol, 10.0 wt% PEG— PPG—PEG and 5.0 wt% NMP. The
solution was sonicated for 2 h. Then, 1 mL of the oxidizing solution was mixed with 10 pL of
EDOT and directly sprayed (with a Colani manual spray-coater) on a SEBS substrate covered
by a shadow mask. The resulting film was heated on a hot plate at 70°C for 10 min before
being rinsed with ethanol (PEG-PPG-PEG is fully removed during this step) and dried again at
70°C. The thick film obtained had an average thickness of 500 nm.

Thin-PEDOT:OTf and thin-PEDOT:Sulf were prepared as follows: Fe(OTf); was dissolved at
0.126 mg-mL ™" in a solution containing 72.25 wt% ethanol, 20.00 wt% PEG— PPG—PEG and
7.75 wt% NMP. The solution was sonicated for 2 h. Then, 0.25 mL of the oxidizing solution
was mixed with 5 mL of EDOT and spin-coated onto the SEBS substrate at 4000 rpm for 30 s.
The resulting film was heated on a hot plate at 70°C for 10 min before being rinsed with
ethanol (PEG-PPG-PEG is fully removed during this step) and dried again at 70°C, yielding a
thin-PEDOT:OTf film with an average thickness of 30-35 nm. To prepare thin-PEDOT:Sulf
films, 0.1 M sulfuric acid was added dropwise on PEDOT:OTf film and left for 30 min before
being removed (without rinsing). The film was then dried on a hot plate at 120°C for 30 min,
yielding a thin-PEDOT:Sulf film with an average thickness of 30—35 nm.

To prepare thin-PEDOT:PSS films, SEBS substrate was plasma treated (120 W, 60 s) and
CLEVIOS PH 1000 solution was sonicated for 1 min and directly spin-coated on SEBS at 1000

rpm for 45 s. The resulting film was heated on a hot plate at 120°C for 10 min.

Characterization

Sheet resistances (Rs) were measured at room temperature with a Loresta EP MCP-T360
resistivimeter. Samples were observed using an Infinite Focus optical microscope (x10
magnification). Infrared images were recorded with an Optris Pl infrared camera. The
temperature of the thermotherapy patch was measured with a type K thermocouple
attached to the back of the device with Kapton® and was recorded with the software
Picolog. A Varian Cary 5000 UV-Vis-NIR spectrophotometer with polarized incident light
(spectral resolution of 1 nm) was used to probe the level of orientation in the films during
stretching. The light polarization angle was measured with respect to the stretching direction
(0°corresponding polarization parallel to the stretching direction and 90° to polarization

perpendicular to the stretching direction).
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