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ABSTRACT: The conductive polyelectrolyte complex poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is
ubiquitous in research dealing with organic electronic devices (e.g.,
solar cells, wearable and implantable sensors, and electrochemical
transistors). In many bioelectronic applications, the applicability of
commercially available formulations of PEDOT:PSS (e.g., Clevios)
is limited by its poor mechanical properties. Additives can be used
to increase the compliance but pose a risk of leaching, which can
result in device failure and increased toxicity (in biological
settings). Thus, to increase the mechanical compliance of
PEDOT:PSS without additives, we synthesized a library of
intrinsically stretchable block copolymers. In particular, controlled
radical polymerization using a reversible addition−fragmentation
transfer process was used to generate block copolymers consisting of a block of PSS (of fixed length) appended to varying blocks of
poly(poly(ethylene glycol) methyl ether acrylate) (PPEGMEA). These block copolymers (PSS(1)-b-PPEGMEA(x), where x ranges
from 1 to 6) were used as scaffolds for oxidative polymerization of PEDOT. By increasing the lengths of the PPEGMEA segments on
the PEDOT:[PSS(1)-b-PPEGMEA(1−6)] block copolymers, (“Block-1” to “Block-6”), or by blending these copolymers with
PEDOT:PSS, the mechanical and electronic properties of the polymer can be tuned. Our results indicate that the polymer with the
longest block of PPEGMEA, Block-6, had the highest fracture strain (75%) and lowest elastic modulus (9.7 MPa), though at the
expense of conductivity (0.01 S cm−1). However, blending Block-6 with PEDOT:PSS to compensate for the insulating nature of the
PPEGMEA resulted in increased conductivity [2.14 S cm−1 for Blend-6 (2:1)]. Finally, we showed that Block-6 outperforms a
commercial formulation of PEDOT:PSS as a dry electrode for surface electromyography due to its favorable mechanical properties
and better adhesion to skin.

KEYWORDS: PEDOT:PSS, organic electronics, stretchable electronics, electromyography (EMG), RAFT polymerization,
block copolymers

1. INTRODUCTION

T h e p o l y e l e c t r o l y t e c o m p l e x p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is ubiquitous in organic electronics and bioelec-
tronics.1 Its transmissivity makes it attractive for photovoltaic
applications (e.g., solar cells)2−5 and light-emitting devices,6,7

and it is among the best organic thermoelectric materials.8,9

Moreover, PEDOT:PSS exhibits mixed modes of conductiv-
ityelectronic and ionic10,11which facilitates interactions
with biological structures,12 gaining great interest in organic
electrochemical transistors for biosensors.1,13−15 PEDOT:PSS
consists of short chains of PEDOT complexed with longer
chains of PSS by coulombic interactions. When cast into a
solid film, PEDOT:PSS exhibits conductivity values of 0.1−10
S cm−1,16 which is dependent on the ratio of PEDOT to PSS17

and solid content of the dispersion.18 Several approaches for
enhancing the conductivity and stretchability of PEDOT:PSS

have been studied in recent years,17 reaching conductivity
values18−22 as high as 4380 S cm−1 and fracture strains up to
800%.23 Likewise, the electronic characteristics of PEDOT:PSS
can be manipulated by thermal processes (e.g., annealing),24

exposure to light,25 blending with an ionic liquid (IL),23,26 or
the addition of a strong acid.27−29

The electronic properties of PEDOT:PSS are highly
dependent on the morphology of the solid film, which is in
part determined by the solubility, kinetics of solidification, and
thermal history, all of which depend on the molecular
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structure. Previous works by Timpanaro et al.30 and Crispin et
al.31 suggest that solid PEDOT:PSS morphology consists of
closely packed PEDOT-rich domains in a PSS-rich matrix.
Adding a co-solvent additive, typically a high-boiling, polar
molecule [e.g., DMSO,32 ethylene glycol,33 or polyethylene
glycol (PEG)34 has been shown to increase the conductivity by
several orders of magnitude. Although the mechanism by
which polar additives improve the electrical conductivity of
PEDOT:PSS films is not well understood, several studies have
provided evidence of secondary doping effects35 (e.g., phase
separation of excess PSS resulting in reduced insulation and
formations of larger PEDOT domains). Mengistie et al.
showed that adding ethylene glycol (up to 6 wt %) or PEG (up
to 2 wt %) to solutions of PEDOT:PSS led to increased
conductivity dependent on the molecular weight or chain
length of the additive.34 Palumbiny et al. showed that the
addition of ethylene glycol in a PEDOT:PSS film results in
stronger interchain coupling of both PEDOT and PSS
molecules (e.g., smaller π−π stacking distances), as well as
increased crystallinity and edge-on texturing in PEDOT
domains, thus improving film morphology for charge trans-

port.36 Likewise, Rivnay et al. demonstrated that doping with
EG results in changes in the microstructure of the
PEDOT:PSS film (e.g., an increase in particle size and film
heterogeneity), which contributes to improved charge
conduction pathways.10 Crispin et al. showed that the addition
of diethylene glycol led to changes in the morphology of the
film and a concomitant improvement in three-dimensional
(3D) charge conduction.31

Recent applications of PEDOT:PSSe.g., flexible optoelec-
tronic and bioelectronic deviceshave demanded substantially
greater degrees of mechanical compliance than are possible
with commercial formulations. Current commercial PE-
DOT:PSS formulations often yield films that have an elastic
modulus on the order of ∼100 MPa and <10% fracture strain.
However, bioelectronic devices that can be interfaced with the
skin or implanted in the body require an elastic modulus closer
to that of the tissue it interfaces with (e.g., 5 kPa-140 MPa for
skin37 and <1 kPa for brain tissue).38−40 Likewise, these
devices must be able to withstand far greater strains based on
their application (e.g., ∼30% for skin41 and ∼100% for
joints42) in order to minimize interfacial stress and match the

Figure 1. Schematic representation of the block copolymers and their physical blends. (a) PEDOT:[PSS(1)-b-PPEGMEA(x)] block copolymers
were synthesized to have increasing lengths of PPEGMEA (blue) attached to PSS (black). Conductive segments of PEDOT (red) are
coulombically associated with the PSS. (b) PEDOT:PSS was blended with PEDOT:[PSS(1)-b-PPEGMEA(x)] in ratios of 1:1 or 2:1 wt % (Scheme
S1). Molecular weights (Mn) of PSS and PPEGMEA chains were calculated according to the 1H NMR of the crude polymer.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c18495
ACS Appl. Mater. Interfaces 2022, 14, 4823−4835

4824

https://pubs.acs.org/doi/10.1021/acsami.1c18495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18495?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18495/suppl_file/am1c18495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18495/suppl_file/am1c18495_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18495?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c18495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


curvature of the organ. The most common approach to solving
this problem has been to increase the stretchability43 of
PEDOT:PSS by blending it with plasticizers such as ILs,23,26

xylitol,44 Zonyl,45 and D-sorbitol.46,47 In addition to small
molecule additives, a more recent approach for increasing the
conductivity and modulating the mechanical properties of
PEDOT:PSS for bioelectronic applications is the incorporation
of biocompatible ILs.48 However, many low molecular weight
additives pose the risk of leaching out of the polymer matrix
(e.g., due to phase separation over time, pH, temperature, and
exposure to liquids). The consequences of potential leaching
effects can result in (1) a reduction of the mechanical
compliance of PEDOT:PSS, (2) potential damage to or failure
of the electronic device, and (3) in biological settings, a risk of
toxicity for nonbiocompatible plasticizers. Polymeric additives
as blends are less susceptible to leaching compared to small
molecules and provide an alternative route to tuning the
mechanical properties of PEDOT:PSS. Li et al. demonstrated
that blending PEDOT:PSS with PEG results in a decreased
elastic modulus and increased fracture strain relative to a pure
PEDOT:PSS film, while still resulting in an increase in
conductivity.49 Chen et al. showed that the electrical properties
of PEDOT:PSS were improved by mixing with polyvinyl
alcohol.50 Further details on the mechanical properties of
PEDOT:PSS blends with small molecule and polymer
additives have been discussed elsewhere.51,52 However, few
studies have explored the effect of these polar species
covalently bound to PEDOT:PSS. Recently, our group
published the design and synthesis of an intrinsically
stretchable PEDOT:PSS-based elastomer.53,54 Briefly,
PEDOT was synthesized on a scaffold where the polyanion
PSS was covalently linked to poly(poly(ethylene glycol)
methyl ether acrylate) (PPEGMEA), rendering it stretchable.
This block copolymer (PEDOT:[PSS(1)-b-PPEGMEA(x)])

showed a lower modulus and higher failure strain relative to
PEDOT:PSS but also showed a lower conductivity. Therefore,
the purpose of this study is to explore synthetic derivatives of
this copolymer in order to improve the mechanical properties
(e.g., modulus, fracture strain, and toughness) for bioelectronic
applications. As an example, we demonstrate the fabrication of
electromyogram (EMG) recording electrodes without the use
of small-molecule additives and cosolvents.
To accomplish this goal, we synthesized a library of

polymers characterized by increasing length of the stretchable,
bottlebrush-like PPEGMEA segments, while keeping a
constant length of the PSS segment. The ratios of PSS to
PPEGMEA were 1:1, 1:2, 1:4, and 1:6. These scaffolds were
rendered conductive by oxidative polymerization of PEDOT,
and a constant ratio of PEDOT to PSS was used for all four
components of this library (Figure 1a). These polyelectrolyte
materials, with the general form PEDOT:[PSS(1)-b-PPEG-
MEA(x)], were named Block-1, Block-2, Block-4, and Block-6,
where x = 1, 2, 4, and 6. We reasoned that increasing the
length of the soft, insulating PPEGMEA chain would enable
greater energy dissipation and result in a lower elastic modulus,
greater toughness, and greater fracture strain, but at the
expense of the conductivity.
To compensate for the decrease of conductivity relative to

increasing PPEGMEA chain length, we blended the copoly-
mers with PEDOT:PSS (synthesized in-house). We reasoned
that the PEDOT:PSS segments would fill void spaces and
increase the ratio of conductive versus insulating components.
In addition, we hypothesized that (in comparison to other
reported polymer blends) forming a polymeric blend with
PEDOT:PSS would result in less phase segregation due to the
similarity in chemical composition, dispersity, and molecular
weight. These blends have a 1:1 wt % ratio of total
PEDOT:PSS (i.e., both covalently bound to the block

Scheme 1. Synthesis of PEDOT:[PSS(1)-b-PPEGMEA(x)] block Copolymer Librarya

a(a) Two-step RAFT polymerization of block copolymers PSS(1)-b-PPEGMEA(x) (2−5). RAFT polymerization of the PSS macro-RAFT precursor
1 and subsequent preparation of PEDOT:[PSS(1)-b-PPEGMEA(x)], 2−5. (b) Oxidative polymerization of PEDOT on the block copolymer library
scaffolds.
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copolymer and the added PEDOT:PSS) to PPEGMEA (Figure
1b). We refer to these blends as Blend-2 (1:1), Blend-4 (1:1),
and Blend-6 (1:1). In some experiments, we explored the
effects of greater concentrations of PEDOT:PSS (2:1 wt %) in
these blended matrices (e.g., Blend-1 (2:1), Blend-2 (2:1),
Blend-4 (2:1), and Blend-6 (2:1)).

2. EXPERIMENTAL SECTION
2.1. General. Number-average molecular weight (Mn), weight-

average molecular weight (Mw), and dispersity (D̵) were determined
using an Agilent Technologies 1260 Infinity II LC system. The mobile
phase was 30% methanol and 70% 0.2 M NaNO3 and 0.01 M
NaH2PO4 in water at pH 7 (adjusted with concentrated NaOH) at 40
°C at 1 mL min−1. The column used was PL aquagel-OH Mixed-B
column, calibrated against narrow dispersity PSS standards
(purchased from Polymer Standards Service). 1H NMR spectra
were acquired in D2O at room temperature on a Bruker AVANCE III
600 MHz NMR spectrometer fitted with a 1.7 mm triple resonance
probe with the z-gradient.
2.2. Materials. Sodium 4-styrenesulfonate (NaSS), 4,4′-azobis(4-

cyanovaleric acid) (ACVA), azobis(isobutyronitrile) (AIBN), PEG-
MEA (Mn = 480 g mol−1), 4-cyano-4-(phenylcarbonothioylthio)-
pentanoic acid (the reversible addition fragmentation transfer
(RAFT) chain transfer agent), and ethylenedioxythiophene
(EDOT) were purchased from Sigma-Aldrich and used without
further purification. Distilled water filtered using a Milli-Q purification
system was used throughout.
2.3. Synthesis of the Library Components Using RAFT

Polymerization. 2.3.1. PSS Macro-RAFT Precursor 1 Synthesis.
Traditionally, the synthesis of PSS is a two-step process involving the
anionic polymerization of polystyrene (PS) followed by sulfonation.
This process can result in incomplete sulfonation and synthetic
defects (e.g., formation of sulfones and cross-links in the polymer
chain).55 In contrast, RAFT synthesis is tolerant to aqueous solutions,
thus enabling a controlled polymerization of the water-soluble
monomer sodium styrene sulfonate (NaSS) to create a fully
sulfonated PSS with a predictable molecular weight.56 Thus, we
used RAFT polymerization for both the synthesis of the PSS
precursor (i.e., PSS macro-RAFT 1) as well as the PSS(1)-b-
PPEGMEA(x) (2-5) library. Poly(styrene sulfonate sodium salt)
(PSSNa, PSS macro-RAFT 1) was synthesized as previously
described.54 Briefly, NaSS (12.24 g, 59.4 mmol), the RAFT agent
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (110.4 mg, 0.4
mmol), and ACVA (22.4 mg, 0.08 mmol) were dissolved in 42 mL of
water and 17 mL of ethanol and degassed by purging with nitrogen
for 30 min. The reaction mixture was placed in an oil bath at 70 °C
and left to react for 16 h (Scheme 1a). The reaction was stopped by
exposure to air. PSS macro-RAFT 1 was purified by precipitation in
acetone and dried under vacuum to afford a pink powder (11.7 g, 95%
yield; GPC: Mn = 23.8 kDa, Mw = 31.2 kDa, D̵ = 1.3.
2.3.2. RAFT Polymerization of PSS(1)-b-PPEGMEA(X) block

Copolymer Library (2−5). PSS macro-RAFT 1 (2.094 g, 0.07
mmol), PEGMEA in different amounts according to desired length
(6.72, 10.08, and 13.44 g, 14 mmol, for x = 1, 1.8, 4, and 6.3,
respectively), and ACVA (3.93 mg, 0.014 mmol) were dissolved in 54
mL of water and degassed under a flow of nitrogen for 30 min. The
reaction mixture was placed in an oil bath at 70 °C for 0.75, 1, 2.5,
and 4 h for x = 1, 1.8, 4, and 6.3, respectively (Scheme 1a, Table 1).
The reactions were stopped by rapid cooling on dry ice and exposure
to air. The 1H NMR of the crude mixtures showed 25, 69, 75, and
79% PEGMEA conversion, respectively (Table 1). (Note: allowing
the reaction to proceed to higher conversion led to an increase in the
dispersity.) The reaction mixture was lyophilized to circa 10 mL,
before adding 10 mL of acetone. The slurry was washed 2× with 50
mL of diethyl ether. This process was repeated three times. The
resulting solid was recovered by vacuum filtration using a 10 μm
disposable filter and dried under vacuum to afford a sticky pink solid
(PSS:PPEGMEA mass ratio was determined by 1H NMR: 1:1, 1:1.8,
1:4, 1:6.3, and molecular weights were determined by GPC: Mn =

32.6 kDa,Mw = 45.2 kDa, D̵ = 1.38,Mn = 35.3 kDa,Mw = 52.8 kDa, D̵
= 1.5, Mn = 29.7 kDa, Mw = 66.6 kDa, D̵ = 2.2, Mn = 47.2 kDa, Mw =
100 kDa, D̵ = 2.1, respectively).

2.3.3. Viscosity Measurements. PSS(1)-b-PPEGMEA(x) block
copolymers were dissolved in MiliQ water (10 mg mL−1), and 100
μL aliquots were injected into a RheoSense microVISCTM
viscometer in triplicates.

2.3.4. Synthesis of PEDOT:[PSS(1)-b-PPEGMEA(x)] Library (10−13).
This synthesis was modified from our previous report.54 A constant
ratio of PEDOT:PSS (1:1.3 by weight) was kept for all library
components, regardless of PPEGMEA chain length. The derivatives of
PEDOT:[PSS(1)-b-PPEGMEA(x)] are referred to as Block-1, Block-2,
Block-4, and Block-6 for x = 1, 1.8, 4, and 6.3, respectively. To
generate the acidified polymer, 1.5 g of PSS(1)-b-PPEGMEA(x) (2−5)
was dissolved in MilliQ water (c = 40, 40, 50, and 75 mg mL−1 for x =
1, 1.8, 4, and 6.3, respectively) and stirred over acidic resin (Dowex
Marathon C hydrogen form) for 18 h. The dissolved polymer
solutions were filtered over a 10 μm filter, obtaining acidified
compounds 6−9. Sodium persulfate (1150 mg, 4.83 mmol) and iron
trichloride (100 wt % in water, 0.175 mL) were added to the filtrates
of 1300, 1778, 3250, and 4745 mg PSS(1)-b-PPEGMEA(x) polymers
(32.5, 22.2, 65, and 63 mL, respectively) (Scheme 1b). The portion of
PSS (650 mg) in the block copolymer was kept constant for all
components of the library. The solution was vigorously stirred before
the addition of EDOT (500 mg, 3.51 mmol). After 1 h, an additional
37−67 mL of MilliQ water were added to prevent gelation of the
mixture and maintain a final volume of 100 mL. The reaction was left
to react for 24 h at room temperature. PEDOT:[PSS(1)-b-
PPEGMEA(x)] (Block-1, Block-2, Block-4 and Block-6) was purified
by stirring over acidic resin (Dowex Marathon C hydrogen form, 17
g) and basic resin (Lewatit MP-62 free base, 11 g) for 6 h, followed by
a 10 μm filtration.

2.3.5. Synthesis of PEDOT:PSS. We synthesized PEDOT:PSS
instead of using a commercially available formulation in order to (1)
ensure that the PEDOT:PSS possessed a similar molecular weight to
the PEDOT:PSS segment on the block copolymer, (2) avoid the
presence of additives used in commercial formulations that improve
stability and conductivity, and (3) ensure complete sulfonation of PSS
using RAFT polymerization. The oxidative polymerization of EDOT
was described in our previously reported synthesis.54 Briefly, PSS was
dissolved in water (50 mg mL−1) and stirred over an acidic resin
(Dowex Marathon C hydrogen form) for 18 h at room temperature.
The acidified PSS was filtered through a 1 μm filter. The ratio of
PEDOT:PSS was similar to that of commercially available
formulation, Clevios PH 1000 (1:2.5 wt %). Sodium persulfate
(1175 mg, 2.3 wt equiv) and iron trichloride (0.178 mL of 100 wt %
solution) were then added to 23.5 mL of this solution (PSS: 1175 mg,
2.3 wt equiv), along with an additional 50 mL of water. The reaction
was stirred for 10 min before the addition of EDOT (511 mg, 1 wt
equiv). The reaction was stirred vigorously at room temperature for
24 h. PEDOT:PSS was purified over 17 g of acidic (Dowex Marathon
C hydrogen form) and 11 g of basic (Lewatit MP-62 free base) resins
for 6 h and then filtered through a 10 μm filter.

Table 1. Summary of Ratio between Monomers
(PSS:PEGMEA), Ratio between PSS Macro-RAFT Agent
(RAFT) and Initiator (I), Monomer Conversions, and
Reaction Times for Each Library Component

PSS-b-PPEGMEA
ratioa (wt %)

[PEGMEA]:
[RAFTb]:[I]

PPEGMEA
monomer conv (%)c

reaction
time (h)

1:1 200:1:0.2 25 0.75
1:2 150:1:0.2 69 1
1:4 300:1:0.2 75 3
1:6 400:1:0.2 79 4.5

aThe wt % ratio of PSS to PPEGMEA was obtained by 1H NMR of
the purified polymer in D2O.

bPSS macro-RAFT polymer precursor.
cObtained by 1H NMR of the crude polymer in D2O.
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2.3.6. Blending Library Components. All library components were
blended with PEDOT:PSS (synthesized as described above) to
maintain a ratio of 1:1 wt % between PEDOT:PSS to PPEGMEA (0.6
wt % and higher). These blends are referred to as Blend-2 (1:1),
Blend-4 (1:1), and Blend-6 (1:1). Similarly, blends with ratios of 2:1
wt% (PEDOT:PSS relative to PPEGMEA) were prepared as well
[Blend-2 (2:1), Blend-4 (2:1), Blend-6 (2:1)].
2.4. Film Casting. Substrates of either silicon or glass (25 mm ×

25 mm) were first activated with an oxygen plasma to increase
hydrophilicity. Then, 0.3 mL of each block copolymer derivative was
drop-cast on the substrate and left to dry in a desiccator containing
Drierite for 48−72 h at room temperature until the formation of a
solid film.
2.5. Preparation of Samples for Conductivity Measure-

ments. Glass slides were cut into 25 mm squares with a diamond-
tipped scribe. The slides were then cleaned by successively sonicating
in Alconox solution (2 mg mL−1 in water), deionized water, acetone,
and isopropyl alcohol for 10 min each and dried with compressed air.
The glass slides were then plasma treated (∼30 W, ∼200 mTorr) for
3 min to remove any residual organic material and expose the
hydroxyl groups on the substrate surface. The PEDOT block
copolymer derivatives were spin-coated onto glass slides at a spin
speed of 500 rpm (250 rpm s−1 ramp) for 120 s followed by 2000 rpm
(1000 rpm s−1 ramp) for 30 s to form homogenous and
semitransparent films (Figure S1). After spin-coating, the samples
were annealed on a hotplate at 120 °C for 15 min in air. The
resistances of the films were measured using a four-point probe wired
to a Keithley 2400 sourcemeter. The thickness of the films was
measured using a Dektak XT profilometer, and the cross-sectional
area was used to convert resistance to conductivity. The conductivity,
σ, was calculated from an average of three samples using the following
equations

π=R R
ln(2)s

(1)

σ =
×t R

1

s (2)

where R is the resistance measured by the four-point probe, Rs is the
sheet resistance, and t is the thin film thickness. A correction factor of
0.7744 was applied according to the geometry of the measurement.57

2.6. Tensile Tests. Solutions of PEDOT derivatives (1 mL) were
drop-cast into an inverse dogbone mold milled from a block of Teflon
(l = 1.3 cm, w = 0.7 cm). The mold containing PEDOT solution was
left to dry in a desiccator containing Drierite for 48−96 h at room
temperature (with derivatives containing longer blocks of PPEGMEA
taking longer to dry). Fully dried dogbones were carefully removed
from the Teflon mold using tweezers. We were unable to successfully
form dogbones of PEDOT:PSS and Block-1 due to cracking of the
sample when drying. Thus, Clevios was used as a proxy. The edges of
the dogbone samples (i.e., where excess solution dried to form a thick
border around the sample) were then carefully trimmed using scissors.
The ends of the dogbones were wrapped with electrical tape to ensure
that fracture did not occur under the grips of a linear actuator. These
dogbones were then placed in 3D-printed grips attached to a 10 N
force gauge on a Mark-10 linear actuator and elongated at a strain rate

of 1 mm min−1 until fracture. Force-elongation data were converted to
stress−strain data using the dimensions of each dogbone (the
thickness of each sample was measured after fracture using a Dektak
XT profilometer). For some samples, the resistance was measured
simultaneously. For these measurements, bare copper wires (one on
each side of the dogbone) were adhered to the dogbone underneath
the electrical tape using carbon paint. These copper wires were
connected to alligator probes attached to a Keithley 2400
sourcemeter.

2.7. Characterization of Free-Standing Film Adhesion to
Glass and Plastic Substrates. To conduct a 90° peel test, a Mark-
10 linear actuator equipped with the peel test accessory kit was
operated in the upright position. The plastic substrate (Petri dish) or
glass substrate (glass microscope slide) was fixed to the sliding plate
using double-sided tape. Rectangular polymer films (6 × 2 cm) were
produced using a 3D-printed mold (6 × 2 cm) and procedures
described in Section 2.9.1. The free-standing films were lightly pressed
onto the substrate and attached to a grip connected to a 0.5 N force
gauge. The films were delaminated at a rate of 330 mm min−1 to
obtain a plot of force relative to displacement (travel). The steady-
state adhesive force was calculated by averaging the longest plateau on
the force-displacement plot.

2.8. Impedance Spectroscopy Measurements. Free standing
films were sandwiched between two stainless steel electrodes (cross-
sectional area = 5 mm × 5 mm). A Biologic SP-200 Potentiostat was
used in conjunction with ECLab software version 11.32. The
measurement frequencies were logarithmic, and 10 frequencies per
decade were used. The measurements were performed from 3 MHz to
100 mHz with an amplitude of 10 mV AC and a zero DC offset. The
data were fitted with a complex nonlinear least square fitting method
with ECLab software version 11.32. The measurement frequencies are
for the two-contact measurement, and the working electrode is
connected to either of the contacts on the polymer films. The results
are presented in the form of Nyquist plots, the real and imaginary
impedances, and the impedance magnitude (Figure S11).

2.9. Application as EMG Electrodes. 2.9.1. EMG electrode
fabrication. A square mold (2 cm × 2 cm, 2 mm depth) was 3D-
printed using polylactic acid (LulzBot TAZ 5 3D printer, Loveland,
CO). A mold release spray (Ease Release 200, Mann Release
Technologies) was used to coat the surface of the mold before drop-
casting 0.8 mL of filtered (1 μm glass fiber filter) Block-6, Blend-6,
and Clevios (as a control) in the mold. The molds containing
PEDOT solution were dried at 60 °C on a hotplate for 2 h, and the
dried films were gently removed from the mold after they cooled
down to rt. To fabricate the electrode, a bare copper wire was
attached to the back of the film using carbon paint and then covered
with carbon tape to ensure good connectivity.

2.9.2. Forearm EMG Measurements. For the EMG measurements,
the electrodes were pressed firmly onto the skin of the forearm to
ensure good contact. For Clevios and Blend-6 electrodes, Tegaderm
was used to tape the electrodes to skin. Block-6 electrodes were
sufficiently adhesive without Tegaderm. The copper wires of the
electrodes were connected to the ECG channel of a MAX30001-
EVSYS evaluation board (Maxim Integrated Products, Inc.). The
reference electrode (3 M Ag/AgCl Red Dot Monitoring Electrode)
was placed on the elbow of the same arm and connected to the Body

Table 2. Summary of the Mole (mol %) and Mass (wt %) Ratios of PSS to PPEGMEAa

polymer PSS:PPEGMEA ratiob(mol %) PSS:PPEGMEA ratiob(wt %) Mn theo
c (g/mol) Mw expd (g/mol) D̵d

PSS macro-RAFT N.A. N.A. 30,000 31,000 1.3
PSS(1)-b-PPEGMEA(1) 1:0.435 1:1 54,400 45,000 1.385
PSS(1)-b-PPEGMEA(2) 1:0.79 1:2 80,000 53,000 1.496
PSS(1)-b-PPEGMEA(4) 1:1.7 1:4 138,000 66,500 2.24
PSS(1)-b-PPEGMEA(6) 1:2.7 1:6 181,000 100,000 2.11

aTheoretical (theo) and experimental (exp) molecular weights were determined by 1H NMR and GPC, respectively. (D̵, dispersity.)
bPSS:PPEGMEA ratio was obtained by 1H NMR of the purified polymer in D2O.

cDetermined by 1H NMR of the crude polymer (i.e., sample
containing unreacted monomers) in D2O.

dObtained by size exclusion chromatography in a 70/30 (v/v) ratio of aqueous phosphate buffer to
methanol.
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Bias pin of the board. The ECG channel was configured to have a gain
of 20 V/V and a sampling rate of 512 readings s−1. Post-ADC digital
filters were used during the recordings. The low pass filter cutoff was
40 Hz, and the high pass filter cutoff was 0.5 Hz. A Butterworth notch
filter with a width of 59 to 61 Hz was applied post-measurement to
eliminate 60 Hz power-line noise.58 The signal-to-noise ratio (SNR)
was calculated from the root mean square (RMS) of the filtered data
and the ratio between four peaks and their base line. We performed
on-body EMG measurements with two subjects. We used a protocol
approved by the Internal Review Board at the University of California
San Diego Human Research Protections Program (Project #
191950S).

3. RESULTS AND DISCUSSION

3.1. Characterization of PEDOT:[PSS(1)-b-PPEGMEA(x)].
The UV absorbance spectra were analyzed for the different
block copolymers to confirm that the chemistry of PEDOT
was not significantly influenced by the change in the block
copolymer backbone. Figure S1a shows a negligible difference
in the normalized absorbance spectra. The molecular weight,
wt % ratios of PSS to PPEGMEA, and purity of the library of
PSS(1)-b-PPEGMEA(x) were characterized by gel permeation
chromatography (GPC) and 1H NMR (Table 2, Figures S2−
S6). Higher ratios of PPEGMEA to PSS (and longer reaction
times) resulted in higher molecular weights of the block
copolymer (ranging from 31 kDa for the PSS macro-RAFT to
100 kDa for PSS(1)-b-PPEGMEA(6)), as determined by GPC
(Figure 2a). Viscosity measurements showed that copolymer
derivatives containing longer PPEGMEA chains were also
more viscous (Figure 2b). An increase in the PPEGMEA chain
length from 1:0 (powder) to 1:6 resulted in a stickier, gel-like
solid (Figure 2c, Movie S1). Surface morphology was
characterized by atomic force microscopy (AFM) (Figures
S7 and S8) and scanning electron microscopy (SEM) (Figures
S9 and S10).
3.2. Thin-Film Conductivity of PEDOT:[PSS(1)-b-PPEG-

MEA(x)]. We explored the effect of the increasing PPEGMEA
block on the conductivities of the PEDOT:[PSS(1)-b-
PPEGMEA(x)] thin films using a four-point probe. Block-1

and Block-2 showed very similar conductivities of 0.27 and
0.34 S cm−1, respectively. However, Block-4 and Block-6
showed lower conductivities (0.05 and 0.01 S cm−1,
respectively), suggesting that the electronic penalty is greater
for increasing PPEGMEA lengths (Figure 3a). These values are
lower than other studies of PEDOT:PSS blended with PEG/
PEO/PPO (e.g., conductivities of 20 S cm−1 for 20 wt % of
Pluronic 12359 and 75 S cm−1 for 70 wt % PEG 20K).49 This
might suggest that the PPEGMEA segment in our block

Figure 2. Physicochemical characterization of the PSS(1)-b-PPEGMEA(x) library. (a) Stacked GPC traces of PSS(1)-b-PPEGMEA(x) synthesized
with different amounts of PEGMEA. The legend shows the mass (wt %) ratio of PSS to PPEGMEA in each trace (where 1:0 wt % corresponds to
the PSS macro-RAFT precursor). (b) Viscosity measurements of the library components in solution (10 mg mL−1). (c) Photographs showing that
an increase in the PPEGMEA chain length from 1:0 (powder) to 1:6 (gel-like solid) results in a stickier solid.

Figure 3. Conductivity of PEDOT:[PSS(1)-b-PPEGMEA(x)] spin-
coated thin films measured using a four-point probe. (a) Blocks and
blends with a ratio of (1:1). (b) Blends with a ratio of (2:1). The
error bars represent the standard deviation from three measured
samples.
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copolymers does not act as a secondary dopant for the
electrical conductivity. However, four-point probe measure-
ments are limited to DC current and do not distinguish
between ionic and electronic modes of charge transport. Our
block copolymers contain PPEGMEA segments that are
composed of repeated polyethers, which have shown good
ionic conductivity on their own60 and as a polar side chains of
conjugated polymers.61−63 Thus, we wanted to evaluate the
effect of the PPEGMEA chain length on the impedance and
the ionic conductivity. Electrochemical impedance spectrosco-
py (EIS) was performed on free-standing films of Block-1 to
Block-6 sandwiched between two stainless steel electrodes at
various frequencies. For all block copolymers, a closed
semicircle (common of mixed ionic electronic conductors)
was observed in the Nyquist plots (Figure S11b).64−66 The
measured impedance, which contains both the ionic and
electronic resistance,64 decreased as the PPEGMEA chain
length increased. Block-1, Block-2, Block-4, and Block-6 had
resistance values of 867, 377, 469, and 280 kΩ, respectively.
The conductivities of Block-1 to Block-6 were also calculated
from EIS (i.e., an AC measurement). Block-1, Block-2, Block-
4, and Block-6 showed conductivity values of 5.4 × 10−9, 1.5 ×
10−8, 2.7 × 10−5, and 4.3 × 10−5 S cm−1, respectively. These
values are similar to other reported PEDOT-based blends.50

Although four-point measurements showed a consistent
decrease in conductivity relative to increasing PPEGMEA
chain length, EIS measurements showed an increase in
conductivity between Block-1 and Block-6. This trend suggests
that the PPEGMEA chains may facilitate ionic charge transfer,
and it stands in line with recent studies.61,62 For example,
insulating polymer electrolytes such as poly(ethylene oxide)
(PEO) have been shown to improve ionic transport by
plasticizing polymers67 and creating a mobile solvation shell.68

Similarly, Figure S11c shows that the impedance amplitude
decreased as the PPEGMEA chain length increased, with
Block-6 possessing the lowest amplitude. Again, this trend may
suggest an increase in ionic conductivity with increasing
PPEGMEA chain length. Thus, a thorough investigation
elucidating the effect of the PPEGMEA segment on the ionic
conductivity of PEDOT:PSS should be performed, but it is out
of the scope of this article. Therefore, for this paper, we
continue to refer to PPEGMEA as an insulating material.
3.3. Blending PEDOT:[PSS(1)-b-PPEGMEA(x)] with PE-

DOT:PSS. Blend-4 (1:1) and Blend-6 (1:1) had average
conductivities of 0.28 and 0.15 S cm−1, respectively, which is a
5- and 15-fold improvement relative to their Block-4 and
Block-6 counterparts (Figure 3a). Interestingly, the conductiv-
ities of Blend-2 (1:1) and Blend-4 (1:1) were similar to that of
Block-1 and Block-2 (Figure 3a). Furthermore, we evaluated
blends with higher ratios of PEDOT:PSS relative to the
insulating PPEGMEA block (2:1) (Scheme S1). As expected,
the conductivity was increased for Blend-1 (2:1), Blend-2
(2:1), Blend-4 (2:1), and Blend-6 (2:1), with values of 0.39,
0.54, 1.36, and 2.14 S cm−1, respectively (Figure 3b). These
conductivities are comparable to that of thin films of Clevios (a
commercially available formulation of PEDOT:PSS), measured
by us to be 1.55 S cm−1 (Figure 3b). Notably, the increase in
PEDOT:PSS fraction resulted in the blended derivatives
having a slightly higher conductivity, despite a significantly
greater proportion of insulating segments. The conductivities
of Blend-4 (2:1) and Blend-6 (2:1) increased by 27- and 214-
fold relative to Block-4 and Block-6 (1.36 and 2.14 vs 0.05 and
0.01 S cm−1, respectively). Notably, the conductivity of Blend-

6 (2:1) was similar to that of PEDOT:PSS (3.38 S cm−1),
despite a significantly greater proportion of insulating seg-
ments. Thus, we show that the conductivity of PEDOT
derivatives with long PPEGMEA chains can be increased by
blending with PEDOT:PSS.

3.4. Mechanical Properties of the PEDOT:[PSS(1)-b-
PPEGMEA(x)] Polymer Library. As expected, we found that
increasing the length of the PPEGMEA segment resulted in a
lower elastic modulus, lower tensile strength, and higher
fracture strain (with the increase in fracture strain likely also
attributed in part due to the increase in Mn, Figure 4). These

trends in the tensile behavior are consistent with those
observed in polymeric blends by Li et al.49 Clevios (as a
reference) showed brittle behavior, with an average elastic
(Young’s) modulus of 385 MPa and fracture strain of about
5%, which is similar to that of previously reported
PEDOT:PSS dispersions.51 Block-6 had both the lowest elastic
modulus (9 MPa) and highest fracture strain (∼75%) (Figure
4a,b). In comparison, Block-4 and Block-2 had a modulus of
16 and 90 MPa and a fracture strain of 20 and 11%,
respectively (Figure 4a,b,d). Notably, increasing the length of
the PPEGMEA segment resulted in a large increase in
toughness (∼1 MJ m−3 for Block-6 compared to ∼0.4 MJ
m−3 for Clevios) (Figure 4c). Encouragingly, Block-6 showed a
lower elastic modulus than that reported for PEDOT:PSS
blends, while maintaining a high fracture strain. For example,

Figure 4. Mechanical properties of the library of PEDOT-based
copolymers and copolymer blends. (a) Elastic modulus, (b) fracture
strain, and (c) toughness were calculated from three to five tensile
tests of each polymer. Error bars shown represent standard deviation.
(d) Representative stress−strain curves. (e) Change in resistance (R/
R0) as a function of strain. (f) Conductivity relative to strain at failure.
Blend-6 (2:1) (dark brown) showed the highest conductivity, and
Block-6 (dark blue) showed the highest fracture strain. Interestingly,
Blend-4 (1:1) (purple) showed an increase in both conductivity and
fracture strain relative to its Block-4 counterpart.
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PEDOT:PSS (14 wt %) blended with waterborne polyur-
ethane (WPU) and D-sorbitol had an elastic modulus of ∼40
MPa and fracture strain of ∼70%.69 Similarly, PEDOT:PSS
blended with Pluronic P123, which contains PEO and
poly(propylene glycol) (PPO), resulted in a fracture strain of
∼40%.59 Li et al. showed that PEDOT:PSS blended with 20
kDa PEG or 100 kDa PEO resulted in a fracture strain of 25−
27% with a modulus of ∼130 or ∼200 MPa, respectively.49

Likewise, increasing the molecular weight of the PEO 10-fold
to 1000 kDa decreased the modulus to ∼135 MPa and
increased the fracture strain to 36%. These values are in
contrast to Block-6, which had the lowest elastic modulus (9
MPa) and highest fracture strain (∼75%). Thus, we show that
synthetic modification of PEDOT:PSS using a PPEGMEA
scaffold can be used to achieve both a low elastic modulus and
a high fracture strain, two important mechanical figures of
merit for bioelectronic applications.
3.5. Tuning the Electronic and Mechanical Properties

of PEDOT:[PSS(1)-b-PPEGMEA(x)] Polymers by blending
with PEDOT:PSS. Blending the copolymers with PE-
DOT:PSS [i.e., Blend-2 (1:1), Blend-4 (1:1), and Blend-6
(1:1)] yielded an embrittling effect, resulting in a higher elastic
modulus and decreased fracture strain relative to their
nonblended counterparts (i.e., Block-2, Block-4, and Block-6)
(Figure 4a,b). For example, the elastic modulus of Blend-6
(1:1) was 32 MPa and the fracture strain was 40% (compared
to 9 MPa and 75% for Block-6). Interestingly, Blend-4 (1:1)
had not only a higher conductivity (0.28 S cm−1) but also a

greater fracture strain (27.3%) and significantly greater
toughness (0.57 MJ m−3) than Block-4 (0.05 S cm−1, 20%,
0.18 MJ m−3) (Figure 4b−d). (As expected, Blend-4 (1:1) also
had a greater elastic modulus than Block-4.) It is possible that
this improvement in both electronic and mechanical properties
could be attributed to a more favorable spatial arrangement
(e.g., packing structure) of PEDOT:PSS and Block-4.
Increasing the ratio of PEDOT:PSS to copolymer (2:1 wt
%) generally increased the embrittling effect, particularly for
the fracture strains (Figure 4b). However, both Blend-2 (2:1)
and Blend-6 (2:1) show a higher conductivity (Figure 3b) and
lower modulus (Figure 4a) than their 1:1 blended counter-
parts. Thus, our results show that blending block copolymers
with PEDOT:PSS offers an avenue for tuning (and optimizing)
both the mechanical and electronic properties.

3.6. Piezoresistance of PEDOT:[PSS(1)-b-PPEGMEA(x)]
Polymers.We measured the change in resistance as a function
of strain (i.e., piezoresistance) for each PEDOT derivative
shown in Figure 4e. We find that the strain at which an open
circuit formed (i.e., strain at failure) correlated strongly with
the fracture strain for both copolymers and copolymer blends.
That is to say, the change in resistance (R/R0) for each
PEDOT derivative remained approximately constant at 1 as
the film elongated without breaking and then increased as a
tear propagated through the film. The correlation between
conductivity (as measured using a four-point probe) and strain
at failure is summarized in Figure 4f.

Figure 5. (a) 90° peel tests were performed on free-standing films of Block-6 (upper panels) and Clevios (lower panels) on plastic and glass
substrates. The peel tests were conducted with free-standing films of Block-6 (green), Block-4 (red), Blend-6 (2:1) (blue), and Clevios (black) at a
speed of 330 mm min−1 on a (b) plastic Petri dish and (c) glass microscope slide. (d) Steady-state force required to peel each film off each
substrate was extracted and plotted. Block-6, when compared to Blend-6 (2:1), required approximately 3× and 5× as much force to peel off plastic
and glass, respectively.
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3.7. Application to sEMG Electrodes. Wearable sensors
that interface with skin require an elastic modulus similar to
that of skin. The modulus of skin on the forearm is reported to
be ∼1 MPa.70 Therefore, for sEMG electrodes69 on the
forearm, we chose to compare Block-6 (9 MPa), Blend-6 (1:1)
(17 Mpa), and Clevios with a commercial 3 M Ag/AgCl
sEMG electrode as a reference. An additional benefit was the
improved contact of Block-6 to skin, in comparison with
Clevios (Figure S12). This improved conformability for Block-
6 is likely due to the reduction in elastic mismatch between the
electrode and the skin, resulting in better adhesion (Figure S12
and Movies S2, S3, and S4). Likewise, we find that an increase

in PPEGMEA chain length (e.g., Clevios and Block-6) and
proportion [e.g., Blend-6 (2:1) and Block-6] results in greater
measurable adhesion to both plastic and glass substrates
(Figure 5). We note that our peel test measurements of
Clevios overestimate the adhesion. The Clevios data indicated
similar adhesion to Blend-6 (2:1), despite Movies S5, S6, and
S7 indicating negligible adhesion of Clevios to either substrate.
We attribute these errors in measurement as artifacts resulting
from the deflection of the stiff Clevios film on the substrate
(e.g., measurement of a bending force) rather than adhesion to
the substrate. Blend-6 (2:1) and Clevios required an adhesive
covering (Tegaderm) to tape the electrode to the skin.

Figure 6. Application of Block-6, Blend-6, and Clevios as single-component sEMG electrodes. Dry EMG electrodes were fabricated using (a)
Block-6, (b) Blend-6, and (c) Clevios with (d) a commercially available 3 M Ag/AgCl Monitoring Electrode as a reference. Clevios and Blend-6
needed an adhesive covering (Tegaderm) to tape the electrode to the forearm. The scale bar is 2 cm. (e−h) EMG signals were measured during fist
closing motions. The signal was processed using a 60 Hz filter to eliminate powerline noise. (i−l) Arrows pointing down indicate the EMG signal
obtained for fist closing motions. SNR values are shown in green. (m,n,p) Arrows pointing up indicate flexion and extension of different fingers. (o)
No signal was obtained for the Clevios reference electrode during the flexion and extension of different fingers.
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However, the Block-6 electrode was sufficiently conformable,
likely due to the similar elastic modulus, and functioned as a
single-component electrode (i.e., with no adhesive layer
applied and no additional additives) on the forearm (Figure
6a−d). After each electrode was secured on the forearm, the
EMG signal was monitored for fist opening and closing
motions, as well as the flexion and extension of different fingers
(Figure 6e−p). Movies S8, S9, S10, and S11 show the EMG
signal recorded for the Block-6, Blend-6, Clevios, and the
control 3 M Ag/AgCl electrodes, respectively, while clenching
a fist. The Block-6 EMG electrode outperformed its Blend-6
(2:1) and Clevios counterparts, demonstrating the most stable
baseline when no motion was occurring and a Gaussian peak
during muscle activation. In contrast, Blend-6 (2:1) showed a
negative baseline change (Figure 6j,n), likely due to contact
artifacts and perhaps indicating insufficient contact between
the electrode and the skin.71 In addition, the SNR for Block-6
was slightly lower than that of the commercially available 3 M
Ag/AgCl electrode that was used as a control (4.5 vs 5.9,
respectively). Blend-6 (2:1) had the highest SNR, probably
due to the negative change, which provided the highest RMS
(Figures 6i−l, S13). The Clevios electrode had the lowest
SNR, likely due to poor contact with the skin (e.g., relatively
high elastic modulus). The EMG signal could detect the
movement of different fingers for Block-6, Blend-6 (2:1), and
the control Ag/AgCl electrode. However, no signal was
obtained for the Clevios electrode. Likewise, a significant
consideration for wearable sensors that interface with skin is
the ability of the device to withstand moisture or sweat (which
could promote disintegration of the sensor materials or affect
device performance). To assess the physical stability in an
aqueous environment, we soaked a spin-coated film of Block-6
in water for 5 days at room temperature and compared it with
a Clevios film (as a reference) (Figure S14a−d). The Block-6
films (Figure S14a,c) remained intact in the water bath,
whereas the Clevios films dissolved (Figure S14b,d). Thus, we
demonstrate that Block-6 outperforms its Clevios counterpart
in both function as a (single-component) sEMG electrode and
resistance to degradation from water. Zhang et al. recently
demonstrated a dry EMG electrode made of PEDOT:PSS (14
wt %) blended with WPU and D-sorbitol for achieving a
conductive, adhesive, and stretchable electrode.69 Our single-
component Block-6 sEMG electrode showed a similar fracture
strain (∼75% in comparison to ∼70%) and a lower elastic
modulus (9 MPa in comparison to 40 MPa), although the
adhesiveness and conductivity were lower. In addition to small
molecule and polymeric additives, an alternative approach for
increasing the conductivity and modulating the mechanical
properties of PEDOT:PSS is the incorporation of biocompat-
ible ILs.48

Our device was composed of a bare copper wire directly
connected to the PEDOT:PSS film using carbon paint (and
carbon tape) for the purpose of demonstrating its application
as a sEMG electrode. However, such a structure would not be
stable or durable enough for commercial use. Other studies
have discussed more sophisticated device structures, as well as
elucidated the importance of support layers and stable
interconnects.48

4. CONCLUSIONS
The purpose of this study was (1) to elucidate the effect of
increasing lengths of PPEGMEA covalently bound to
PEDOT:PSS on the mechanical and electrical properties and

(2) to demonstrate how this synthetic approach can be used to
tune the properties of the polymer for bioelectronic
applications. We showed that increasing the length of the
PPEGMEA segment on the PEDOT:[PSS(1)-b-PPEGMEA(x)]
copolymer resulted in a lower elastic modulus, lower tensile
strength, higher fracture strain, and greater toughness. In doing
so, the conductivity of the polymer film decreased relative to
the increasing length of PPEGMEA. However, we found that
this conductivity could be restored, and even improved, by
blending the PEDOT-based block copolymer with PE-
DOT:PSS. Although PEDOT:PSS imparts an embrittling
effect on the polymer film, some formulations [Blend-4 (1:1)
and Blend-6 (2:1)] showed a minimal decrease in mechanical
performance. Thus, we show that synthetically altering the
PPEGMEA length and blending with PEDOT:PSS offer two
avenues for tuning both the mechanical and electronic
properties of PEDOT:[PSS(1)-b-PPEGMEA(x)] and its deriv-
atives. Additionally, we demonstrate that Block-6 and Blend-6
(2:1) can be used to fabricate electrodes to monitor EMG
signals on the forearm. Block-6 was particularly well suited for
this sEMG application due to its low modulus (i.e., comparable
to that of forearm skin), good contact to the skin, and good
resistance to water (relative to Clevios). One potential
limitation of the described PEDOT-based library for
bioelectronic applications is the limited conductivity. All
PEDOT derivatives presented in this work have relatively
low conductivities, with the highest being Blend-6 (2:1) at just
over 2 S cm−1. However, this conductivity is still similar to that
of Clevios and other commercial PEDOT:PSS formulations,
which is generally not used without a secondary dopant.
Therefore, for applications where higher conductivities are
required and additive leaching is not a potential concern, this
PEDOT:[PSS(1)-b-PPEGMEA(x)] library would benefit from
the incorporation of common additives used for PEDOT:PSS
(as already described by a vast body of literature). For additive-
free applications, additional synthetic approaches for increasing
the conductivity (e.g., different functional groups, scaffolds,
and copolymerization strategies) should be investigated.
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