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ABSTRACT
Conductive polymer (CP)–elastomer composites have been proposed as an alternative to the metals conventionally used for bioelectronic
devices. Being softer and more stretchable than metals such as platinum and gold, they can mitigate the adverse effects associated with
mechanical mismatch and fatigue failure. Such composites are conventionally made by embedding CP particles inside an elastomeric matrix.
However, to achieve such a structure, a high CP loading that reaches a percolation threshold is required. High percolation thresholds lead to
the degradation of mechanical properties. This study presents an alternate approach designed to reduce the CP content while maintaining
conductivity through the matrix. A poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) composite was produced by filling
a CP aerogel with polydimethylsiloxane (PDMS). This approach successfully formed a stretchable, conductive material, with only 1.8 wt. % CP.
While elastic behavior was observed at low strain, the composite displayed plastic deformation at high strain (>20%). Future improvements
will focus on the modification of the PEDOT:PSS–PDMS interface, to improve interaction of the polymer components and, hence, mechanical
stability within the construct.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0005410., s

INTRODUCTION

Bioelectronics comprise a group of devices used for stimula-
tion and recording of electrically excitable tissues. These medical
devices have a wide range of applications and have proven to be
especially useful in invasive neural and cardiac interventions (Nor-
mann, 2007; Shepherd et al., 2013; and Timperley et al., 2007). Met-
als and metallic alloys, being widely used in electrical engineering,
have been the most popular choice of materials both to conduct
charge within leads and to inject charge at the tissue–electrode inter-
face (Cogan, 2008; Green et al., 2013; and Haqqani et al., 2018).
However, metallic bioelectronics possess a range of disadvantages.
Metals have a much higher stiffness than living tissue, with an elas-
tic modulus of over 100 GPa compared to soft tissue at 0.5 kPa–500
kPa (Feig et al., 2018; Fung, 2013; Landers et al., 2002; and Polikov
et al., 2005). This strain mismatch leads to cell death and fibrosis

of the tissue–device interface, resulting in a loss of signal trans-
duction (Huang and Baba, 1972; Lo, 1998; Moore and Shannon,
2009; and Polikov et al., 2005). This process can significantly impact
device safety and efficacy, subjecting recipients to further health
risks. Additionally, relatively low charge injection limits (CIL) of
metallic electrodes also inhibit bioelectronic device performance, by
limiting the amount of electrochemical charge which can be trans-
ported to the excitable tissue without the occurrence of unwanted,
irreversible chemical reactions at the device–tissue interface (Cogan
et al., 2005; Cuttaz et al., 2019; Merrill et al., 2005; and Tandon
et al., 2009). Metallic components also have poor compatibility with
magnetic fields used during magnetic resonance imaging (MRI),
which is particularly problematic for cardiac pacemaker recipients
(Ferreira et al., 2014; Kalin and Stanton, 2005; Levine et al.,
2007; and Nordbeck et al., 2015). MRI-induced heat and cur-
rent pose a serious threat to patient health and prohibit
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clinicians from using the full range of MRI diagnostics and mon-
itoring. This limits the capacity to identify problems with pac-
ing leads interacting with cardiac tissues (Ferreira et al., 2014;
Nordbeck et al., 2015).

Conductive polymer (CPs) present an alternative material plat-
form that mitigates the drawbacks of metallic materials. CPs are
considerably less stiff than metals, with an elastic modulus in the
MPa range (Baek et al., 2014; Feig et al., 2018; Hassarati et al., 2014;
Rivnay et al., 2017; 2014; and Tahk et al., 2009). CPs such as polypyr-
role (PPy), polyaniline (PANI), and poly(3,4-ethylenedioxythio
phene) (PEDOT) have been shown to shield electromagnetic haz-
ards (Kim et al., 2011; Li et al., 2016; and Wang and Jing, 2005),
alleviating the limitations on patient diagnostics. PEDOT, in partic-
ular, has shown promising charge injection capabilities, increasing
the capacity to modulate cardiac and neural tissues at therapeutic
levels with lower voltage and, hence, safer operational parameters
for patients (Cogan, 2008; Cuttaz et al., 2019). Nonetheless, pure
CPs lack mechanical robustness, and in most cases, CP products
are constrained to films and coatings due to their friability (Baek
et al., 2014; Hassarati et al., 2014; and Wang et al., 2017). Though
much softer than metals and alloys, pure CPs still have limited con-
formability with biological tissue (Feig et al., 2018). Therefore, a
substantial effort is being made in the field of soft bioelectronics to
enhance the mechanical properties of the CPs and develop a well-
performing conductive polymer hybrid (Feig et al., 2018; Kaur et al.,
2015; Patton et al., 2016; Wang et al., 2017; and Yuxin et al., 2018).

One of the most popular strategies has been to develop com-
posites or hybrids of CPs, where the CP is integrated with a more
mechanically stable polymer. This has led the development of con-
ductive hydrogels (CHs) and conductive elastomers (CEs) (Cuttaz
et al., 2019; Feig et al., 2018; Kaur et al., 2015; Patton et al., 2016; and
Yuxin et al., 2018). These composites can be formed by either grow-
ing CP chains within the secondary polymer, synthesizing copoly-
mers of short CP chains bonded to a non-conductive polymer, lam-
inating a CP film on top of a more stable polymer substrate, or
dispersing CPs within a pre-polymer matrix (Cuttaz et al., 2019; Da
Silva et al., 2018; Kaur et al., 2015; Patton et al., 2016; and Yuxin
et al., 2018).

Each of these methods are challenging and present different
trade-offs between the mechanical and electrical properties of the
final material [Fig. 1, (Patton et al., 2015)]. While CPs can be eas-
ily grown within a hydrogel matrix, the resulting CH material is
not feasible as a standalone material for bioelectronics, being water
and ion permeable and experiencing high volumetric swelling in a
biological environment (Goding et al., 2019; Patton et al., 2015).
Elastomeric materials present high steric hindrance to the growth
of CPs once the elastomer is cured, and this results in a material
with negligible conductivity. Chemical strategies to create copoly-
mers do not produce materials with significant electrical properties,
as the continuous conjugated backbone required to impart electrical
conduction within the CP component is sterically hindered by the
segments of non-conductive polymer backbone (Da Silva et al., 2018;
Luebben et al., 2004; and Yagci and Toppare, 2003). Layered com-
posites present high conductivity in undeformed forms, as the CP
component is formed in a continuous sheet. However, these com-
posite structures suffer from strain mismatch between the CP and
the underlying substrate. This mismatch causes cracks and other
defects such as buckling in the CP layer upon repeat stretching,

eventually resulting in delamination and conductivity loss (Patton
et al., 2016; Sasaki et al., 2014; and Sekine et al., 2010). Compos-
ites made from dispersions are commonly fabricated by blending CP
chains within the pre-polymer solution of a hydrogel or elastomer
(Cuttaz et al., 2019; Kaur et al., 2015; and Patton et al., 2016). They
can also be formed by in situ polymerization of the CP within the
secondary polymer matrix (Kaur et al., 2015; Patton et al., 2016).
However, to exhibit high conductivities, these composites need to
reach a percolation threshold, reflecting a CP concentration where
the conductive component is present in high enough amounts to
form interpenetrating networks throughout the bulk polymer (Kaur
et al., 2015; Patton et al., 2016). For most composites and, in par-
ticular, for CEs, reaching the percolation threshold results in the
degradation of the mechanical properties of the hybrid due to high
concentrations of brittle CP within the network (Cuttaz et al., 2019;
Patton et al., 2016). It is clear that while CP based electronics have
significant benefits over their metallic counterparts, there is a need
to improve the way in which CP composites are fabricated. The crit-
ical challenge is in improving the CP integration with the mechani-
cally supporting polymer such that the resulting composite has high
conductivity while preserving the flexibility.

Recently, Feig et al. (2018) presented an alternative approach
to fabricating conductive hydrogel composites. In contrast to the
conventional methods, which add the CP to a hydrogel matrix, this
approach suggested that a supporting polymer matrix can be in situ
polymerized within a preformed CP template (Feig et al., 2018).
This was achieved by soaking a poly(3,4-ethylenedioxythiophene)-
polystyrene sulfonate (PEDOT:PSS) hydrogel in polymer precursors
and, subsequently, using thermal polymerization to form a sup-
porting secondary polymer network (Feig et al., 2018). The most
valuable advantage of this strategy was that connected and, hence,
conductive CP networks were created during initial formation of
PEDOT:PSS, which mitigates the need for a percolation threshold.
However, in the study by Feig et al. (2018), the secondary poly-
mer matrix was a flexible polyacrylic acid hydrogel, and although
hydrogels are soft and compliant with human tissues, many vari-
ants are non-elastic, and being hydrophilic enables fluid ingress
and electrical cross talk within device components. As such, con-
ductive hydrogel composites have limited potential as standalone
materials in clinical bioelectronic applications and cannot be used to
replace conduction pathways in cardiac pacemaker leads or bionic
device electrode arrays (Dai et al., 2010; 2009; Feig et al., 2018; and
Patton et al., 2016).

Taking inspiration from the templated hydrogel CP compos-
ite, this study explored the capacity to produce CE composites by
first forming the CP network and, subsequently, introducing the
elastomer support. It was hypothesized that functional conductive
materials could be achieved by curing an elastomer matrix within an
open preformed CP network and that such a structure would enable
use of lower CP concentrations compared to conventional CEs, mit-
igating the need to reach a percolation threshold and, thereby, pre-
serving the mechanical properties of the composite. This research
aimed to develop and study a CE composite based on continuous
PEDOT networks filled with polydimethylsiloxane (PDMS). The
PEDOT:PSS hydrogels were prepared as described by Yao et al.
(2017) and lyophilized to create an open pore aerogel. This CP
aerogel network was then filled with the PDMS elastomer, and the
composite was cured to remove solvents. The PEDOT:PSS–PDMS
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FIG. 1. Types of CEs. Adapted from
Patton et al. (2015).

composite was characterized for chemical structure, functional elec-
trical properties, and dynamic mechanical performance. The con-
ductivity enhancement resulting from this method was assessed by
comparison with the conventional approaches previously reported
in the literature.

EXPERIMENTAL METHODS
Material preparation

For hydrogel preparation, an aqueous dispersion of PEDOT:PSS
(PH1000, M122 Ossila Ltd.) and concentrated sulfuric acid
(99.999%, 339741 Sigma-Aldrich) was used. The sulfuric acid was
chosen as a low cost and readily accessible gelling agent. The two
components were mixed for 5 min to obtain a PEDOT:PSS/acid mix-
ture with an acid concentration of 0.1M. The mixture was placed in a
90 ○C oven for 3 h to undergo gelation. The resultant hydrogels were

purified by washing 3× with deionized (DI) water to ensure removal
of excess PSS and acid. The hydrogels were then freeze-dried to
obtain aerogels.

CE composites were produced by filling the aerogels with
40 wt. % PDMS in a hexane solution. Sylgard 184 (a two part PDMS
and curing agent) was mixed at a 10:1 volume ratio prior to dilution
with hexane (24 580 VWR). The resultant solution was then poured
into glass vials with the aerogels. To promote full penetration of the
PDMS solution, samples were exposed to vacuum cycling between
300 mbar and atmospheric pressure (1 h cycle period) for 24 h. Sam-
ples were left at RT for one week to allow the PDMS to cure and the
hexane to evaporate.

Physical characterization

Aerogel and composite cross sections were imaged using opti-
cal and scanning electron microscopy (SEM, JSEM 6010LA). In
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addition, energy dispersive x-ray (EDX) spectroscopy was con-
ducted to obtain PEDOT:PSS and PDMS distribution maps. For this
study, sulfur acted as a reference element for PEDOT:PSS, while
silicon represented PDMS.

The optical profilometer was used to acquire a topographical
map of the CE composite surface (Olympus Laser Scanning Micro-
scope LEXT OLS5000). Color code mapping was used to determine
features of the surface. In addition, arithmetical mean heights were
computed for areas of interest.

Mechanical characterization

Mechanical characterization was conducted on the PEDOT:PSS
hydrogels, lyophilized PEDOT:PSS aerogels, pure PDMS, and CE
composites. 24 well-plates were used as molds for the hydrogel
preparation. Purified hydrogels were prepared in the form of cylin-
ders, with 10 mm thickness and 15 mm in diameter. Following
lyophilization, the aerogel samples were found to be 5 mm in thick-
ness with a 10 mm diameter. The PDMS and CE composite samples
were also of a cylindrical shape, but a punch tool was used to make
samples of 5 mm in thickness and 4 mm in diameter. Prior to the
punching, a razor blade and abrasive paper were used to smooth the
top and bottom surfaces of these samples. Pure PDMS controls were
prepared by mixing Sylgard 184 components at a 10:1 volume ratio
and curing at 60 ○C for 24 h.

Compression testing was performed on a Bose Electroforce
3200 device. A 2.5 N load cell was used for the hydrogels and aero-
gels, while a 440 N cell was applied for the PDMS and composite
samples. At the start of the tests, the samples were pre-loaded until
full contact was achieved with the compression plates. Crosshead
speed was 0.2 mm/s for all tests. Static compression was performed
in one cycle, while dynamic testing was accomplished in five cycles of
loading and unloading, and each cycle was progressed to achieve an
additional 0.5 mm compression. In both cases, data acquisition was
continued until sample failure. Compressive elastic modulus, elon-
gation, and strength at the break were acquired from the static com-
pression results. Elastic modulus was estimated as a linear regression
slope coefficient over 1% strain of the samples. Residual deforma-
tion under dynamic conditions was derived as a maximum strain
value at which stress equaled zero. In conjunction with maximum
loading strain, the residual deformation permitted an estimate of
the degree of mechanical degradation after the dynamic cycling. All
acquisitions were performed for three samples of each material type:
hydrogel, aerogel, and PDMS or composite.

Fractography studies were conducted on the dynamically tested
composite samples to confirm the nature of their failure mode. A
SEM microscope (JSEM 6010LA) was used to acquire microscopic
images of the fractured sample morphology. In addition, EDX map-
ping was performed to determine the influence of the PEDOT:PSS
and PDMS phases on the nature of mechanical failure.

Electrical characterization

For electrochemical studies, the composites were embedded in
paraffin and sliced using a microtome (Leica RM2255) into ∼0.5 mm
to 1 mm thick films and cut to form 5× 11 mm2 rectangular pieces. A
silver paste diluted with acetone was used to apply a conductive coat-
ing to the sample ends. A defined mask was applied to ensure that the

silver paste was constrained to the samples’ edges. Platinum controls
were cut out of the 0.1 mm thick sheet with similar rectangular shape
and dimensions.

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were performed on the AUTO-
LAB potentiostat–galvanostat (Multi Autolab/M101, Eco Chemie,
The Netherlands), controlled by the preprogramed NOVA 2.0 soft-
ware. EIS was conducted under sinusoidal voltage conditions at
0.1 Hz–100 kHz frequency range, followed by 11 cycles of CV within
the potential window of −0.6 V to 0.8 V vs Ag/AgCl at a scan rate of
0.15 V/s. The final CV cycle was used for characterization assuming
that the materials’ performance was stabilized during the first ten
cycles.

CE composites were placed in a wet cell to form the work-
ing electrode (WE). Platinum (Pt) was used as the counter elec-
trode. Pt controls were mounted in the same conformation. The
charge storage capacity (CSC) of the samples was measured as
an area under the CV hysteresis (Cogan, 2008). Three composite
samples from three batches (9 in total) and three platinum con-
trols were characterized. The EIS/CV results were normalized with
respect to the sample surface area submerged in phosphate buffered
saline (PBS).

Dry cell tests utilized a two-electrode setup enabling current
flow through the sample bulk. The CE composites were connected
to the potentiostat with metallic clamps, while two wires were fixed
in the aerogel for the connection. The sample conductivity was
acquired at 1 kHz in the frequency domain and as a slope coeffi-
cient of nearly linear current/voltage relationship of the CV. The
following equation was used for the conductivity (σ) calculation:

σ = L
R × A , (1)

where L is the distance between the clamps or the wires, A is the
cross section area of the samples perpendicular to the current flow,
and R is the impedance as recorded. The samples were measured
twice, both with and without a conductive silver paste. 1 kHz was
chosen as a typical characteristic frequency for the testing of bioelec-
trodes, enabling comparison to the literature. Three samples from
three batches (9 in total) were used for characterization. A reference
resistor with known impedance was used prior to each test to ensure
the quality of connections and data acquisition.

For the electromechanical studies, cylindrical composite sam-
ples were used. Samples were subjected to ten cycles of dynamic
compression down to 5%, 10%, 15%, and 20% strain on a MultiTest
5-xt Mecmesin device. Samples with no pre-load were used as con-
trols. After the dynamic loading, samples’ dry EIS conductivities (at
1 kHz) were measured. Three samples per type were used with an
average size of 13 mm in diameter and 5 mm in thickness.

Calculation of PEDOT:PSS content

Hydrogel solid content (SC) shows the percentage of
PEDOT:PSS within the initial PEDOT:PSS polymer network. This
network comprises the body of the material and is not washed out
upon contact with DI water or other solvents. To calculate the SC,
six samples were weighed after the purification step (mswollen), freeze-
dried, and weighed again (mdried). The SC was determined by the
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following equation:

SC = mdry

mswollen
× 100%. (2)

The CP content (CPC) of the CE composites was determined as
the PEDOT:PSS weight ratio present in the final CE material. It was
assumed that the sample matrix volume was constant during the fab-
rication, and the CPC was calculated from the hydrogel SC and the
volumetric density of DI water (ρw), air (ρa), PDMS (ρp), and hexane
(ρh). This was achieved by representing the mass of the first matrix—
DI water—as part of the hydrogel mass, using SC. All other matrices,
used during the composite fabrication: air, 40 wt. % hexane/PDMS
solution, and finally PDMS/air (assuming hexane was replaced by
air upon evaporation)—were also represented via the initial hydro-
gels’ mass and the density ratios. As a result, the unknown hydrogel
mass was eliminated, and the following equation was derived (SC
was presented as decimals and divided by 100%):

CPC = SC

SC + (1−SC)
ρw( 0.4

ρh
+ 0.6

ρp
)
(0.4 ρa

ρh
+ 0.6)

× 100%. (3)

The densities used were: 997 kg/m3 for DI water; 1.2 kg/m3 for
air; 659 kg/m3 for hexane, and 1027 kg/m3 for PDMS. The CPC was
calculated for each of the six samples individually, and then, mean
and standard deviation (SD) were obtained from resultant values.

Statistical analysis

All data are presented as values of mean ± standard deviation
(SD). For electrochemical analysis, where three batches were used,
the results are shown as pooled mean ± pooled SD. Since each batch
has included an equal number of samples, the pooled mean was
calculated as an arithmetical average of the batches’ means, while
Eq. (4) was used for the pooled SD (Cohen, 1998),

SDpooled =
√

SD2
1 + SD2

2 + SD2
3

k
, (4)

where SDn is the SD of the corresponding batch and k = 3 is the num-
ber of batches. Since Eq. (4) is applicable only under homogeneity of
variance assumption, the Levene test was conducted to ensure the
variance equality across the batches. The test has found no signifi-
cant difference between the variances under the significance level of
α = 0.05. The Levene test was chosen over the Bartlett test, as the
sample size of 3 units was too small to determine the normality of
the distribution.

Statistical analysis was performed to evaluate the electrome-
chanical data. One-way ANOVA with Tukey post-hoc compari-
son was used to compare all data for 0% strain measurement and
separately “no pre-load” and “20% pre-load” data across the 0%–
20% strain range. One-way ANOVA without the post-hoc test was
used to compare “no pre-load” and “20% pre-load” data at each
strain point. Finally, two-way ANOVA with the Tukey test was
used to simultaneously evaluate all “no pre-load” and “20% pre-
load” data across the 0%–20% strain range. The “no pre-load” and
“20% pre-load” data for the one-way and two-way ANOVA with the
Tukey test were normalized by logarithmization. The normality and
variance homogeneity of all data were checked with Shapiro–Wilk

and Levene tests, respectively. All statistics were conducted at the
significance level of α = 0.05.

RESULTS AND DISCUSSION
Structural analysis of hydrogels and composites

Figure 2 shows the production of these CE composite materials
and their microscopic structure. As imaged by SEM in Figs. 2(b)–
2(e), the PEDOT:PSS aerogels exhibited an irregular, highly porous
structure, with pore sizes exceeding 0.5 mm. The structure is
anisotropic, forming horizontal continuous layers connected with
vertical walls. The thickness of the layers and the walls was approx-
imately the same and does not exceed 10 μm. As can be seen in
Figs. 2(d) and 2(e), the PDMS has formed a continuous matrix
around these thin PEDOT:PSS features. With an approximate size
of 1 μm–10 μm, these PEDOT:PSS features correspond to the thick-
ness of the aerogel layers and walls. EDX analysis further con-
firms that sulfur [purple in Fig. 2(e)] is predominately located
within these features, surrounded by a material characterized by
the presence of silicon. Thus, the composite structure consists
of the thin PEDOT:PSS network embedded in the PDMS bulk
matrix.

Large pores, seen in Fig. 2(d) on the edge of the composite, are
defects that may affect the mechanical properties. Hexane is added
to the PDMS to facilitate matrix penetration of the aerogel, and it
has been hypothesized that pores may appear due to PDMS shrink-
age during hexane evaporation. These pores have been successfully
removed by curing the composite in a hexane/PDMS bath. Such
an approach allows the PDMS from the bath to fill in the voids
left as the hexane evaporates and ensures that the pores do not
contribute to the electrical performance of the composite. Similar
pores have appeared in the bulk of the composite when the hex-
ane extraction conditions were too severe, for example, high tem-
peratures or vacuum. Thus, hexane boiling environments or pro-
longed vacuuming should be avoided when forming composites in
this way.

The hydrogel solid content (SC) and composite CP content
(CPC) of the materials are illustrated in Fig. 3. The low SC of
the hydrogel (0.92% on average) corresponds well with the highly
porous structure observed in Fig. 2(b). This reflects a high amount
of water content and suggests that the gelation protocol can be mod-
ified to increase the polymer SC. The estimated CPC was almost
twice as high as the hydrogel SC, reaching 1.81% on average. This
significant difference can be ascribed to the shrinkage of the hydro-
gel network during drying (which effectively starts as the hydrogel
SC and becomes CPC once the PDMS is introduced). This is largely
defined by using wt. % as a metric where a volumetric change has
occurred. However, this is an intrinsic effect of the fabrication pro-
cess and, hence, alters the density of the conductive component
within the final material. Another factor may be the evaporation of
hexane which initially occupies 40 wt. % of the hexane/PDMS matrix
mass. This leads to a perceived rise in the PEDOT:PSS weight ratio in
the composite as the volatile hexane evaporates. If the PDMS is able
to continually flow through the composite during curing, it is possi-
ble that the entire structure could be filled, eliminating the voids. In
this situation, the lowest possible CPC (or a ratio of CP to PDMS)
would be achieved.
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FIG. 2. Multi-scale images of the resultant materials. (a)
Macroscopic photos of the materials given in the fabrica-
tion process order. Scale bars, 5 mm. (b) SEM images of
the aerogels’ cross sections. Upward wall remnants can be
seen on the horizontal cross section. (c) Optical image of
the composite. Transparent PDMS allows us to see the dis-
tribution of PEDOT:PSS in the bulk. (d) SEM image of the
composite’s vertical cross section. White stains are artifacts
that have appeared due to the charging of insulative PDMS.
No charging effect is seen around the PEDOT:PSS compo-
nents. (e) EDS analysis of the composite’s cross section
surface. SEM image of the scanned area (upper left), sulfur
(purple) distribution map (upper right), silicon (yellow) distri-
bution map (lower left), and overlayered image of the maps
(lower right).
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FIG. 3. Hydrogel SC and composite CPC as calculated by Eqs. (2) and (3). The
discrepancy between the values estimates how the PEDOT:PSS weight ratio will
change if the water “matrix” is replaced by PDMS.

The structure achieved by hydrogel templating exhibited
promising features. Unlike the secondary PAA hydrogel network of
Feig et al. (2018), the elastomer is formed within the PEDOT:PSS
aerogel with an apparently continuous matrix structure. In conjunc-
tion with low CPC, it was expected that the elastomeric properties of
the composite would be well preserved. The composite also main-
tains the interconnected PEDOT:PSS network from the aerogels.
This network has the potential to reach relatively high conductivities
despite the low CPC.

Mechanical characterization

Static compression results show that the PEDOT:PSS–PDMS
composite mechanical behavior is quite similar to that of PDMS
alone [Fig. 4(a)]. Additionally, the composite compressive strength
and elastic modulus are far superior than those of the aerogels
alone. This supports the hypothesis that the PDMS matrix can rein-
force the conductive network. However, the discrepancy between
the PDMS and the composite stress–strain curves also reveals that
the PEDOT:PSS phase acts like a defect within the PDMS matrix.
The compressive strength of the hydrogel alone and elongation at
the break were lower than those previously reported by Yao et al.
(2017) for aerogels, but of a similar order of magnitude: ∼1.1 kPa vs
3.5 kPa and 15% vs 30%, respectively.

The elastic modulus of the CE composite was significantly
lower than that of pure PDMS, as shown in Fig. 4(c). The opposite
outcomes have been reported in the literature for the tensile loading
of CP-filler composites, which have exhibited an increasing stiffness
with higher CP content (Cuttaz et al., 2019; Patton et al., 2016).
Such divergence in behavior may be ascribed not only to the differ-
ent loading modes but also to the continuous nature of the aerogel
network. A crack, formed at the PEDOT:PSS–PDMS interface, can
propagate freely along the interface through the bulk of the mate-
rial. At the same time, similar cracks in CP-filled composites should
be localized, allowing a CP particle to contribute its strength to the
composite mechanical behavior.

To determine the degree of elastomeric behavior enabled by the
composite, dynamic compression was performed. As can be seen in
Fig. 5(a), composite samples exhibit much greater divergence with

each cycle than pure PDMS controls. Additionally, the increased
area under the stress–strain curves indicated a higher energy dis-
sipation. Together, these features imply that the CE composite dis-
plays a viscoelastic, rather than intrinsically elastic nature. Further
quantification [Fig. 5(b)] reveals that the residual strain within the
composite, on average, exceeds that of the neat PDMS by almost
tenfold. This is despite both materials having a similar maximum
loading strain across the last cycle. These data suggest that the
presence of the PEDOT:PSS phase imparts plastic behavior to the
PDMS matrix. The aerogels have been shown to be highly plastic,
as depicted in Fig. 4(a), but they have a substantially lower modu-
lus than the PDMS. Despite the CP comprising only 1.8 wt. % of the
material composite, it is likely that this component is the point of
initial failure, and subsequent irreversible deformation accumulates
at the PEDOT:PSS–PDMS interface, in the form of delamination
cracks.

To confirm the occurrence of the delamination, SEM/EDX
fractography has been performed (Fig. 6). As illustrated in Fig. 6(a),
the sample fracture image exhibits numerous sites of broadly opened
PEDOT:PSS, unlike the thin, confined areas of PEDOT:PSS, shown
in Fig. 2(e). A likely explanation for such broad areas of PEDOT:PSS
on the fracture surface is that the cracks have propagated along
the CP component rather than through it. Additionally, a clear site
of interphase delamination has been observed [Fig. 6(b)] further
supporting the proposed mode of failure from compression testing
data.

Several possible enhancement routes are proposed for address-
ing the interfacial mismatch between the polymer components.
A probable origin of delamination is PDMS non-polarity, which
can cause poor adhesion between PEDOT:PSS and the supporting
matrix. Thus, a general strategy for improvement is strengthening
of the interphase adherence forces. One of the most straightfor-
ward ways to accomplish this is choosing matrix materials with
higher polarity, such as polyurethane (PU) (Akindoyo et al., 2016;
Friedrich et al., 2005; and Jaudouin et al., 2012). PU ionomers,
developed for biomedical applications, are of particular interest for
further studies because of the ionic backbone groups that may rein-
force the interface through ionic interactions with PEDOT:PSS.
This is in addition to the standard Van der Waals intermolec-
ular forces (Akindoyo et al., 2016; Jaudouin et al., 2012). Alter-
natively, other methods capable of reinforcing interfaces include
matrix functionalization with polar groups, for example, ethylene
oxide, or utilization of surfactant intermediate layers (Friedrich
et al., 2005; Noh, 2014). Finally, chemical cross-linking has the
potential to create the strongest interface bonds; however, it has
been previously shown with (3-glycidyloxypropyl)trimethoxysilane
(GOPS) that it can also lead to a decrease in conductivity
(Håkansson et al., 2017).

An alternative approach to increasing the interfacial bond-
ing strength is to reduce the mechanical mismatch at the interface
between phases. Since, the CP phase is prone to fracture, it would
be reasonable to attempt to modify its mechanical properties to be
closer to that of the matrix phase. The potentially applicable methods
for such CP modification include implementation of cross-linkers
or property enhancing additives within a CP (ElMahmoudy et al.,
2017; Guex et al., 2017; Håkansson et al., 2017; and Wang et al.,
2017). While these approaches can impart a degree of flexibility, the
former technique has shown to decrease the CP conductivity, while
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FIG. 4. Static mechanical behavior of the samples. (a) Stress–strain curves of PDMS, composites, and aerogels (left) and of hydrogels (right). The inset zooms the aerogels’
stress–strain curve. (b) Elongation and strength at the break of the composites (left) and hydrogels (right). (c) Compressive elastic modulus of the samples. The inset zooms
the aerogels’ and hydrogels’ results.

the results of the latter have exhibited poor mechanical behavior of
a free-standing CP film upon repeat stretching (ElMahmoudy et al.,
2017; Håkansson et al., 2017; and Wang et al., 2017). The viscoelastic
behavior of the film suggested that the additive strategy is applicable
only in combination with an elastomeric supporting matrix (Wang
et al., 2017).

Flexible dopants, such as sulfonated polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene copolymer (SEBS),

guar or xanthan gums, and glycosaminoglycans, may provide an
alternative. However, the available studies have no comprehensive
reports on mechanical properties of resultant materials, which have
been mainly studied in terms of their electrical and biological char-
acteristics (Barra et al., 2004; Del Agua et al., 2018; 2017; Mantione
et al., 2017; and 2016). Barra et al. reported that sulfonation of SEBS
causes degradation of its mechanical properties (Barra et al., 2004).
Finally, gels fabricated from less rigid CP variants, such as PANI,
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FIG. 5. Dynamic mechanical behavior of the samples. (a) Stress–strain curves of pure PDMS (left) and composites (right) under five cycles of repetitive compression. Arrows
indicate the cycling progression. (b) Maximum loading deformation at the end of the last cycle and maximum irreversible, residual deformation, achieved by the samples.

may provide a mediating effect (Jana and Nandi, 2000; Pan et al.,
2012; Patton et al., 2016; and Snook et al., 2011).

Although the PDMS matrix has substantially reinforced
PEDOT:PSS aerogels, the composite mechanical behavior is not
truly elastomeric. The CP/matrix interface acts as a defect introduc-
ing a favorable path for crack propagation via delamination. As a
result, the material becomes considerably weaker and accumulates
greater residual strain upon repetitive stretching. Thus, the poten-
tial approaches for improvement should concentrate on enhancing
the interphase adhesion and diminishing the mechanical mismatch
between phases.

Electrical characterization

Highly conductive behavior is another crucial parameter for a
genuine CE. To evaluate the electrical properties of the composites,
EIS and cyclic voltammetry (CV) were performed. The studies were
conducted in PBS electrolyte (wet cell) and dry ambient atmosphere

(dry cell). In addition, the effect of hexane exposure and sample
topography on composite conductivity was examined.

Wet cell studies were used to understand the capacity of the
CE composite to inject charge within an aqueous environment, for
example, when used as an electrode (in either pacemakers or bionic
devices). These studies revealed that the composite electrochemical
properties significantly differ from those of platinum controls. The
platinum impedance spectrum (Fig. 7) exhibits well-defined capac-
itive behavior, acting like a high pass filter, whereas the compos-
ite response is more stable and resistive, showing a less frequency
dependant impedance profile. Though the composite shows lower
impedance at low frequencies, the platinum retains a superior charge
transduction above the characteristic frequency of 1 kHz. This can
be attributed to the higher ohmic conductivity of the platinum
which supports a less resistive system once the capacitive behavior
is overcome.

The phase spectra of the materials (Fig. 7) demonstrate
more complicated charge transfer behavior. Platinum electrodes
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FIG. 6. SEM-EDS fractographical images. (a) A fracture
site, showing wide sulfur phase areas (purple), correspond-
ing to PEDOT:PSS. (b) A delamination site, showing a
PEDOT:PSS sheet detaching from the PDMS matrix, as a
crack forms.

experience an ∼−80○ depression near 30 Hz, the limiting frequency
of their high pass behavior. Thus, this feature can be attributed
to the typical platinum capacitive behavior, corresponding to the
impedance magnitude spectrum (Cuttaz et al., 2019; Green et al.,
2013). The high-frequency phase angle decrease can be attributed to
the double layer on the electrode/electrolyte interface accumulating
charge as the frequency drops. As a result, more potential is required

to overcome the negative and positive charge attraction, leading to
a current signal lag. By 30 Hz, the double-layer “capacitor” gathers
enough charge to stabilize under working potential magnitude and
begins to actively drain the circuit from the charge carriers, seem-
ingly increasing the resistance. Alternatively, the process can be seen
in terms of double-layer rearrangement requiring more energy as the
opposing charges accumulate. As the phase lag further increases with
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FIG. 7. Wet cell study results. EIS results are shown as impedance (upper left) and phase angle (lower left) frequency spectra. CV measurements are presented as surface
current density over applied potential (upper right) and surface CSC (lower right) calculated as described above. Red asterisk mark peaks attributed to the platinum’s redox
reactions.

frequency drop and approaches the theoretical −90○ threshold, the
potential and current waveforms begin to synchronize due to their
sinusoidal character. The CE composite phase behavior was more
linear than that of platinum and is typical of PEDOT and other CP
based materials (Cuttaz et al., 2019; Kim et al., 2018; and Tondera
et al., 2019). Its flat, near-zero pattern corresponds well with its con-
siderably less capacitive impedance spectrum. However, a decline in
the phase angle can be seen at low and high frequencies. Hypotheti-
cally, the low frequency response can be attributed to the slowly, but
gradually, increasing influence of the double-layer charging, similar
to the platinum. At high frequencies, the CP’s relatively low charge
carrier mobility may be the reason for the small current delays that
produce a downturn in the phase response above 10 kHz.

The CV measurements also show the difference between the
elastomer composite and platinum behavior. PEDOT:PSS–PDMS
was observed to have a considerably larger hysteresis curve when
compared to platinum. This supports their higher CSC (Fig. 7) and
in functional electrode studies can lead to a high charge injection
limit, such as those previously reported for CEs (Cuttaz et al., 2019).
The CSC also concurs with the EIS response, as Cogan has pre-
viously reported that materials with higher CSC exhibit decreased
impedance at low frequencies (Cogan, 2008). The broader hystere-
sis suggests that faradaic charge injection mechanisms may occur
in addition to the double-layer charging, in agreement with the

previously reported conclusions of PEDOT:PSS being a pseudoca-
pacitor (Cogan, 2008; Cuttaz et al., 2019). Platinum can also display
pseudocapacitive behavior (Cogan, 2008); however, this is highly
dependent on the electrochemical potential. The faradaic redox reac-
tions that give rise to pseudocapactivie behavior only occur at lim-
ited potential ranges (Cogan, 2008). The peaks of these reactions
can be seen on the platinum CV plot at ∼−0.5 V, −0.1 V, and 0.1 V
(Fig. 7, red asterisk). The PEDOT:PSS–PDMS plot does not exhibit
any distinguishable peaks, suggesting that the peaks associated with
the redox chemistry are smaller and, hence, masked by the larger
non-faradaic charge transfer response. Cogan (2008) proposed that
for PEDOT, the capacitive double layer may be the prevailing mech-
anism above −0.6 V (Ag|AgCl), which would also correspond with
the absence of peaks. In that case, a broader hysteresis can potentially
originate from a higher active surface area imparted by the presence
of the CPs (Cogan, 2008; Cuttaz et al., 2019). Since the platinum and
elastomer composite samples were approximately of the same size
and the electrically active PEDOT:PSS comprised only 1.8 wt. % of
the composite, the superior CSC is even more outstanding. How-
ever, it may be difficult to quantify the intrinsic active surface of the
composite as the electrolyte may leak between the PEDOT:PSS and
PDMS due to the delamination cracks between the two phases.

Profilometry results indicate that the PEDOT:PSS–PDMS sur-
face was generally flat with numerous thin cavities about 0.4 mm
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FIG. 8. Topographical map of a composite slice, showing height distribution on the
sample’s surface. Blue wall structures (PEDOT:PSS) can be seen on the green flat
background (PDMS). Five areas are selected, and their arithmetical mean height
is presented in Table I.

deep (Fig. 8). Such a structure supports the observations from SEM,
where the PEDOT:PSS phase exhibited a thin network of walls
within the PDMS. It can be hypothesized that the mechanical mis-
match and delamination during the microtome slicing of samples
may result in the CP being recessed within the PDMS at the edges.
In fact, red areas of elevations can often be seen around these thin
blue structures. These may be agglomerations of PEDOT:PSS or of
PDMS, appearing due to plastic deformation of the former. Irrespec-
tive of their origin, they cause higher roughness than the rest of the
surface (Table I, Area 2 vs 5). As a result, such roughness or partic-
ulate around the exposed conductive network could impact on lead
connection and cause decreased electrical performance during data
acquisition for CV and EIS.

Dry cell conductivity studies are presented in Fig. 9. These are
used to establish the conductivity within the CE composite material,
which will be critical to determining the potential use as a lead wire.
Initial measurements used metal connectors to the interface with the
outer surface of the composite. This led to unexpectedly low values
of conductivity. In subsequent studies, silver (Ag) paste was applied
at the distal ends of the samples to ensure connection to the bulk
material inside the composite construct. The studies demonstrate
that once the effective connection is made to the sample, by con-
tacting the PEDOT component within the bulk, substantially higher
conductivities are obtained. This is achieved when the paste fills the
cavities, supporting the prior supposition from profilometry that the
PEDOT:PSS phase is recessed within the PDMS when the sample is
cut to expose a cross section. The values reached with the silver paste

TABLE I. Arithmetical mean height of the areas selected in Fig. 8.

Area (№) Sa (μm)

1 66.947
2 99.742
3 28.675
4 55.049
5 18.876

FIG. 9. Conductivity values of composite, silver paste connected (Ag) composite
and as-prepared aerogel samples. The results have been obtained using the dry
cell setup.

connection are close to the conductivity of the neat aerogels (Fig. 9).
This suggests that the gel network resistance is not affected consid-
erably during the composite formation. Regardless, both measure-
ments of composite conductivity (connecting to the outer surface
and the cross sectional bulk) are significantly higher than those of
PDMS alone. This increase in conductivity by more than 10 orders
of magnitude [PDMS has a conductivity of 0.25 ∗ 10−15 S/cm (Mark,
1999)] supports the hypothesis that a PEDOT:PSS template can
maintain a connected network when formed into a composite with
an insulative elastomer.

The composite conductivity was compared to similar material
systems reported in the literature (Cuttaz et al., 2019; Lu et al., 2019;
Seyedin et al., 2014; Yao et al., 2017; and Yuxin et al., 2018). As
illustrated in Fig. 10, the values obtained for this study (red squares)
are considerably lower when compared to most of the conventional
composites presented in the literature [blue circles, (Cuttaz et al.,
2019; Seyedin et al., 2014)]. However, it must be considered that
these samples only contained 1.8 wt. % CP. All other reports of
conductivity for CP composites have used substantially higher CP
loadings (ranging from 5 wt. % to 25 wt. %) and most show a lin-
ear relationship above their percolation threshold. The increased
amount of CP in these prior composites should lead to a greater
number of conductive pathways and correlate with increased bulk
conductivity. However, it is possible to extrapolate from these data
that the low CPC of the composites reported herein could achieve
a significantly higher conductivity, plotted as the potential (Fig. 9,
black diamonds). Equation (3) was applied with reference to the
solid content values of the previously reported aerogels to evalu-
ate the expected conductivity of composites formed by adding a
PDMS matrix to these gels (Lu et al., 2019; Yao et al., 2017; and
Yuxin et al., 2018). As a result, it can be expected that increasing
the CPC of the gel composites will be a viable strategy for improving
material electrical properties. However, increasing the CPC of these
composites is a fine balance between the various desired proper-
ties. Increased CPC can cause further degradation of the mechanical
properties, and thus, an optimal CPC value must be found. Hansen
et al. achieved very high conductivity with loadings in the range
of 30 wt. %–50 wt. % CPC with PEDOT:p-tosylate/PU composites;
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FIG. 10. Conductivities of composites developed in this and previously reported
studies. All values were distributed among three groups. The first group includes
the result stated above for the CE composites (red squares). The second (blue
circles)—achieved by the conventional methods—uses CP particles to create
interpenetrating networks inside an elastomer matrix (Cuttaz et al., 2019; Seyedin
et al., 2014). The last group (black diamonds) consists of the values that can
potentially be achieved by using the hydrogel template method with the hydrogels
reported in the papers (Lu et al., 2019; Yao et al., 2017; and Yuxin et al., 2018).
The dashed line shows an estimated linear relationship between the gel composite
conductivity and CPC.

however, the paper does not report any stress–strain behavior of the
material (Hansen et al., 2007).

The SC of the initial hydrogel may also prove challenging to
increase, while still enabling penetration of the elastomeric sec-
ondary matrix. For CP-filled composites, simply adding more CP
is relatively straightforward, but for the gel template system, new
and more complex hydrogel fabrication techniques may be required.
This could diminish the processability and cost-effectiveness of
the hydrogel templating. It is possible that gains in conductivity

may be made by combining the CP-filled and templated compos-
ite approaches. In addition, the hydrogel template method currently
uses polymeric dopant ions, such as PSS, to form an aqueous disper-
sion of the PEDOT:PSS prior to gelling. In contrast, filler methods
can use PEDOT particles with small dopant ions, such as tosy-
late, incorporated using organic solvents (Hansen et al., 2007). This
results in a CP product that can be purified and reduces the insu-
lative effect caused by the excess dopant. Thus, gel purification
steps or dopant modification may provide an alternate approach for
achieving higher conductivities.

Plotting a similar graph for electromechanical behavior depen-
dence from the CPC would be difficult due to lack of data. However,
for the reported cases, the conductivity is usually stated to be indif-
ferent from the applied strain (Lu et al., 2019; Yuxin et al., 2018).
Thus, it can be suggested that the conductivity/CPC plot should also
remain the same at the reported 0%–20% strain range. In addition,
at this strain range, the gel composite dynamic stress–strain curve
does not exhibit a broad hysteresis [Fig. 5(a)]. Thus, the mechani-
cal effects on the conductivity can be estimated as marginal due to
relatively low amount of accumulated mechanical defects.

This hypothesis was further supported by the electromechan-
ical study conducted on the gel composites. Figure 11 shows no
considerable alteration of dry conductivity between cyclically pre-
loaded and ordinary (“no pre-load”) samples at different levels of
strain. The statistical analysis of the data found no significant influ-
ence of the pre-load on the conductivity of the samples. However, it
was found that conductivity of the “20% pre-load” samples tended
to increase at larger static compression. “20% pre-load” one-way
ANOVA and two-way ANOVA post-hoc comparisons indicated
that conductivity increased considerably between 0% and 15% or
20% strains. This behavior is thought to be associated with the
enhancement of contact between the samples and measuring elec-
trodes as a result of surface flattening of samples’ surface roughness
and a larger contact area. Interestingly, no such statistical increase
was found for the “no pre-load” samples, which may suggest a com-
bined influence of the pre-load and measurement strain for the “20%
pre-load” samples. However, the two-way ANOVA concluded a

FIG. 11. Electromechanical behavior of the PEDOT:PSS–PDMS composites at solely 0% (a) and 0%–20% strain range (b). Dynamically pre-loaded samples are labeled
“pre-load” with the corresponding pre-loading cyclic strain. Control samples that were not loaded prior to the conductivity measurements are labeled “no pre-load.” (b) X-axis
indicates static mechanical strain at which the dry conductivity measurements were taken.

APL Mater. 8, 101105 (2020); doi: 10.1063/5.0005410 8, 101105-13

© Author(s) 2020

D
ow

nloaded from
 http://pubs.aip.org/aip/apm

/article-pdf/doi/10.1063/5.0005410/13041982/101105_1_online.pdf

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

p-value of 0.2 and an omega squared of 0.05 for the interfactoral
interaction. This implies that even if the combined effect had taken
place, it was only a marginal effect.

Overall, the electrochemical, electrical, and mechanical perfor-
mances of these composites present a promising alternative strategy
for fabricating polymer bioelectronics. The electrochemical analysis
(in wet electrolyte conditions) demonstrates typical low impedance
and high charge transfer seen in CP based materials, showing a
clear benefit over platinum electrodes. The dry cell measurements
have shown that once contact to the conductive phase is effec-
tively established, composites generally exhibit conductivities reflec-
tive of the neat aerogels prior to the introduction of the insulative
elastomer phase. These results suggest that estimates of increased
conductivity through increasing CPC are valid. However, increas-
ing CPC will not address the plastic deformation and crack prop-
agation encountered at the component polymer interface. Simi-
lar phenomena have been observed in metallic particulate systems,
such as silver nanowires (Mi et al., 2014; Yang et al., 2016), with
approaches to mitigate this effect involving the introduction of com-
plementary ionic groups to the elastomer component, improving
adhesion between the two phases. Further improvements require
a systematic approach, which considers electrical and mechanical
parameters simultaneously. Additionally, although the PDMS and
PEDOT:PSS materials that form the composite are commonly used
for the design of biomedical devices and regarded as biocompatible,
further cytocompatibility studies of this material are required.

CONCLUSION AND PERSPECTIVES

This study has introduced a method by which a fully polymeric
CE composite is formed from a bulk elastomeric PDMS matrix and
a continuous conductive PEDOT:PSS network. Such structures per-
mit the fabrication of composites outside of the traditional perco-
lation threshold paradigm. These CE composites exhibited a higher
electrochemical performance at a lower CP content, with enhanced
mechanical behavior when compared to metallic or neat CP systems
used in electrode technologies. The fabricated samples have shown
that the matrix mechanically supports the conductive phase, which
is capable of conducting charge carriers under both wet and dry con-
ditions with a CPC as low as 1.8 wt. %. These materials were shown
to exhibit viscoelasticity via interphase delamination and relatively
large electrical resistance, making them less ideal as lead technolo-
gies, such as those used in pacemakers and electrode array inter-
connects. However, with future refinement, this material fabrication
technique has the potential to offer a simple method for the develop-
ment of conducting polymer leads. Future research will concentrate
on improving the interphase adhesion while optimizing CPC and
conductivity.
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