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ARTICLE INFO ABSTRACT

Keywords: Despite growing interest in the use of conducting polymer coatings such as poly(3,4-ethylenedioxythiophene)
Adhesion (PEDOT) in bioelectronics, their relatively poor mechanical durability on inorganic substrates has limited long-
Relative shear strength term and clinical applications. Efforts to enhance durability have been limited by the lack of quantifiable metrics
Durability

that can be used to evaluate the polymer film integrity and associated device failure. Here we examine the
hypothesis that film failure under the tribological and cyclic electrical stressing becomes substantially less likely
when the interfacial shear strength (t;) exceeds the shear strength of the film (z¢). In this paper, we: (1) develop a
simple yet robust method to quantify the relative shear strength (t;/7¢); (2) quantify the effect of substrate and
surface treatment on the relative shear strength of PEDOT; (3) relate changes in relative shear strength to
resistance to interface failure under cyclic electrical and tribological testing. Treating a stainless-steel substrate
with an adhesion promoter increased t;/t¢ from 0.18 to 0.69 compared to untreated controls. On untreated gold,
the 7;/7¢ of PEDOT increased to 1.46. Whereas both cyclic electrical and tribological testing quickly and severely
damaged the interface of PEDOT when t;/t¢ < 1, neither stimulus had any quantifiable effect on delamination

poly(3,4-ethylenedioxythiophene)
Bioelectronic materials

when 1/t > 1.

1. Introduction

Organic bioelectronics have become increasingly attractive in re-
cent years for use in seamless electronic-biological interfaces (Forrest,
2004) (Berggren and Richter-Dahlfors, 2007) (Savagatrup et al., 2014a)
(Someya et al., 2016). An important trend is the replacement of hard,
inorganic conductors or semiconductors with softer, conducting poly-
mers at the interface between the device and the biological tissue. It has
been found that the impedances of conducting polymers at biologically
significant frequencies (1-1000 Hz) are substantially lower, and charge
storage capacities are larger than typical metals and metal oxides in-
cluding indium-tin-oxide (ITO) (Nyberg et al., 2007), iridium oxide
(IrOx) (Wilks et al., 2009) (Boehler et al., 2016), gold (Leleux et al.,
2014), platinum (Boehler et al., 2016) (Venkatraman et al., 2011), and
platinum-iridium (Bodart et al., 2019). This results in superior signal-
to-noise ratios (Sessolo et al., 2013) and lower voltages during stimu-
lation (Chen et al., 2017). With lower density and stiffness, conducting
polymers also have the potential to be superior material candidates
from the perspective of mechanical biocompatibility with living tissues

(Lee et al., 2005) (Lind et al., 2013). The advantage of conducting
polymers has been demonstrated in cardiac (Xu et al., 2015) and neural
(Kung et al., 2014) (MuskNeuralink, 2019) (Chung et al., 2019) elec-
trotherapies.

An important limitation for conducting polymers is their relatively
poor durability under cyclic electrical, mechanical, and tribological
stressing. The gradual loss of the conducting polymer from the substrate
often observed after extended implantations in-vivo is expected to cause
degradation of signal quality and eventual failure (Cui and Zhou, 2007)
(Kozai et al., 2015) (Barrese et al., 2016). Ultimately, the failure mode
of greatest consequence is film delamination from the substrate.

Attempts to improve film durability have largely involved attempts
to stiffen or strengthen the film and/or interface. Carbon-based filler
materials (Chen et al., 2000) (Zhang and Zhao, 2012) and crosslinkers
(Ouyang et al., 2015) have been used to stiffen and strengthen con-
ducting polymers. Flexible side chains have been added to increase
yield and fracture strains (Savagatrup et al., 2014b) (Rodriquez et al.,
2017). A number of approaches have been developed to improve the
adhesion strength of conjugated polymers to solid substrates. These
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strategies involve both chemical methods intended to increase bond
strength (Smela, 1998) (Im et al., 2007) (Sontag et al., 2009) (Carli
et al.,, 2014) (Wei et al., 2015) (Ouyang et al., 2017) and physical
methods such as surface roughening to increase the area of adhesive
interaction with the substrate (Cui and Martin, 2003) (Green et al.,
2012).

Quantifying the effects of these modifications on the most relevant
mechanical properties of the polymer has proven difficult due to the
challenge of obtaining free-standing films for direct tensile testing.
Indirect methods, such as nanoindentation (Yang and Martin, 2006) or
AFM indentation (Ouyang et al., 2015) (Hassarati et al., 2014) have
been applied to measure the stiffness of these thin films while adhered
to a relatively hard, stiff substrate. Direct measurements of mechanical
properties such as Young's modulus, yield strength, and strain to failure
are possible when substrates are much more compliant than the film
(Liu et al., 2015) (Qu et al., 2016). In the buckling method, a film is
applied to a pre-stretched polymer substrate; once released, the char-
acteristic wavelength of the wrinkles has been used to extract the
modulus of the film based on film thickness and Poisson's ratios of the
film and substrate (Davis and Crosby, 2011) (Stafford et al., 2004)
(Printz et al., 2015).

Where delamination is concerned, film durability is likely to be at
least as sensitive to adhesion strength and interfacial shear strength as it
is to the strength and stiffness properties of the film itself.
Unfortunately, ‘adhesion strength’ is poorly defined and difficult to
measure. The most common adhesion strength measurements include:
(1) scratch testing, which evaluates the critical load at failure (Valli,
1986) (Ollendorf and Schneider, 1999); (2) indentation testing, which
creates a blister following debonding (Cordill et al., 2004); (3) peel and
pull-off tests (Root et al., 2017), which require a second stronger ad-
hesive interface that does not permeate the film to affect the first; and
(4) composite beam bending methods, which directly measure the in-
terfacial shear strength of the bonded interface between elastic mem-
bers (Root et al., 2017). Each of these common approaches has im-
portant limitations with regards to thin, brittle, and possibly permeable
films on exposed metallic surfaces.

Raj and Agrawal inspired a new method during theoretical studies
of thin film failure mechanics under tensile strains (Agrawal and Raj,
1989) (Agrawal and Raj, 1990). If one strains the substrate in tension,
the failed film presents a characteristic crack spacing that only depends
on film thickness, film strength, and interfacial shear strength. Tensile
strain crack pattern measurements have been used with external mea-
surements of film thickness and strength to quantify the interfacial
shear strength for both inorganic (Xie and Tong, 2005) and polymer
films (Ye et al., 2015) on metallic substrates. Ye et al. (2015) recently
reported that the durability of nominally identical tribologically de-
posited polytetrafluoroethylene (PTFE)-based films on steel improved
by as much as 10° times when they increased frictional energy of de-
position beyond a threshold limit. Using tensile strain cracking pattern
measurements, they showed that a relatively weaker interface con-
sistently produced films of poor durability while a relatively stronger
interface produced films of exceptional durability.

These results support an ‘adhesion transition’ hypothesis of film
removal and suggest that a condition of 7;/7s > 1 discourages or pre-
vents the delamination mode of polymer film failure. Here, we aim to
determine if and how these concepts translate to conducting polymer
films in bioelectronics applications. Relative shear strength was varied
by applying PEDOT to different substrate conditions and quantified
using a validated variant (wire loop method) of the tensile strain
cracking pattern method. The films were subjected to tribological and
electrical cycling to assess how substrate condition and relative shear
strength effect durability. The results demonstrated that changes in the
system (i.e. substrate material and surface modifications) can drama-
tically affect delamination resistance. While both cyclic electrical and
tribological testing quickly and severely compromised the PEDOT-
substrate interface when 7;/7; < 1, neither stimulus caused detectable
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interfacial damage when 7;/7¢ > 1.
2. Experimental procedures
2.1. Materials and preparation

3,4-ethylenedioxythiophene (EDOT), tetrabutyl ammonium per-
chlorate (TBAP), were purchased from Sigma-Aldrich, and 2,3-dihy-
drothieno-(3,4-b)(1,4)-dioxine-2-carboxylic acid (EDOT-acid) was pur-
chased from Tractus Chemical. All the chemicals were of analytical
grade. Deionized water was from a Millipore Q water purification
system. All reagents and solvents were used without further purifica-
tion, unless otherwise noted. Three substrate conditions were used in
this study: untreated stainless steel, EDOT-acid treated stainless steel to
improve compatibility with PEDOT, and pure gold. Wire substrates
were used for relative shear strength measurements and sheet sub-
strates were used for all other measurements. Soft tempered 304
stainless steel (SS) wires of 508 um diameter and ~300 nm average
surface roughness were purchased from McMaster-Carr; 99.99% pure
gold wires of 380 um diameter and comparable roughness were pur-
chased from Surepure Chemetals. For the electrochemical and me-
chanical stability tests, 304 SS sheets were purchased from McMaster-
Carr (~400 nm average roughness); gold coated glass slides (~50 nm
average roughness) were fabricated with magnetron sputtering, the
gold coating was sputtered to around 100 nm thick by 30 W DC power
with 0.67 nm/s rate under 4.5 mTorr working pressure.

Wire and sheet substrates were ultrasonically cleaned (Kendal HB-
23, 220 W) in acetone, 2—propanol, and deionized water, respectively,
for 10 min. After drying in a stream of N, the SS wires and sheets were
treated in UV Ozone (Novascan PSD UV Ozone cleaner) for 60 min for
further cleaning and activation. Half of the SS substrates were dipped
into a 10 mM ethanol solution of EDOT-acid at room temperature for
24 h. The substrates were then rinsed with acetonitrile to remove any
residual EDOT-acid molecules and finally dried in the air for the elec-
trochemical deposition. More information about the influence EDOT-
acid functionalization of inorganic materials, including the effect on
surface morphology and wetting properties, was discussed in detail in a
previous paper (Wei et al., 2015).

2.2. Fabrication of PEDOT coatings

Electrochemical polymerization was performed with a Gamry
Reference 600 Potentiostat/Galvanostat/ZRA and Gamry instruments
framework software in a three-electrode cell. PEDOT was polymerized
on untreated gold and SS wires, and EDOT-acid treated SS wires under
galvanostatic conditions (0.5mA) from an acetonitrile solution con-
taining 0.02 M EDOT, and 0.1 M TBAP for varying times (from 100 s to
15005s) to create films of varying thickness (from ~200nm up to
~7 um). All wires were 20 mm in length, and were coated along the last
~15mm of their length by dipping the wire into the solution.
Electrochemical polymerization on untreated gold coated glass and SS
sheets, and EDOT-acid treated SS sheets was performed with the same
instrument and software mentioned above, under galvanostatic condi-
tions (0.1 mA) from an acetonitrile solution containing 0.02 M EDOT,
0.1 M TBAP for 1000s. All sheet substrates were 7 mm wide X 30 mm
long, and were coated along the bottom 15 mm, again by controlling
the length of electrode in the solution.

2.3. Characterization of relative shear strength

The tensile strain cracking pattern method was used to measure
relative shear strength of the PEDOT films for all three substrate con-
ditions. In the standard method, the substrate is strained well-beyond
the onset of coating failure. At equilibrium, the failed coating develops
a characteristic cracking pattern whose spacing (\) only depends on
film thickness (t), film shear strength (z¢), and interfacial shear strength
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(71 as first shown theoretically by Raj and Agrawal (Agrawal and Raj,
1989) (Agrawal and Raj, 1990). For the purposes of this study, we use
the relative shear strength, defined as the ratio of interfacial and film
shear strength. According to the solution from Raj and Agrawal, the
relative shear strength is the following function of coating thickness and
crack spacing:

. _ 27r~t/

T A 1)

It is worth noting that the solution to this mechanics problem is
independent of the stress and strain applied. If the applied strains are
too small or if the substrate breaks before the film fails, which will be
the case with brittle substrates, no observable cracking pattern will
emerge. The characteristic cracking pattern emerges at a critical strain
and the distance between stable coating domains of constant width A
simply increases with increased strain; the experimenter knows the
necessary experimental conditions have been satisfied when a stable
and consistent cracking pattern is observed. These experiments used
annealed wires to promote ductility and increase the likelihood of film
failure (Qu et al., 2016) (Lang et al., 2009).

Although this method favors ductile substrates, we have found that
particularly ductile metals, such as gold, can be problematic due to
localized plasticity (i.e. ‘necking’). In our preliminary experiments with
gold wires, plastic deformation was often localized to a small necking
region that prevented the intended measurement. We therefore devised
a simple wire loop variant of the method that both prescribed the re-
gion of maximum strain and prevented the possibility of necking with
ductile substrates. The coated wire was plastically deformed into a loop
by wrapping it around a 3 mm diameter mandrel. The mandrel was then
removed from the loop and the ends of the wires were pulled by hand in
opposing directions to kink the loop at the apex where the moment,
stress, and strain were maximized (Fig. 1c). The average crack spacing
and coating thickness were measured at multiple domains in the vici-
nity of the apex with a Zeiss Auriga 60 Focused Ion Beam-Scanning
Electron Microscope (FIB-SEM) operating at 3 kV. A representative SEM
image of a coating on an untreated stainless steel wire following wire

(a)
before strain

top view '

after strain

(0 ——— maximum tensile —>
stress/strain

e F  F—

wire loop modification
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loop testing is shown in Fig. 1d. We used the SEM to quantify crack
spacing and thickness at the single domain on samples of varying
thickness at each substrate condition; N > 6 independent measure-
ments of crack spacing and thickness were made for each sample. A
linear regression of mean crack spacing and thickness was used with Eq.
(1) to determine relative shear strength of nominally identical systems
of varying thickness; a Monte Carlo method was used to determine the
experimental uncertainty in relative shear strength following the ap-
proach from Burris and Sawyer (2009). Comparing the results from the
wire loop method to those of the standard tensile testing method using
PEDOT on stainless steel revealed no statistically significant effect from
the wire loop modification (Fig. 3f).

2.4. Characterization of electrochemical stability

The PEDOT coated substrates were scanned from +0.8 Vto —0.8V
for 3000 cycles in PBS (1x), with 100 mV/s scan rate. The PEDOT
coated substrates (untreated SS, treated SS, and Au sheets) were used as
the working electrodes, with a 10 mm X 10 mm platinum sheet counter
electrode, and a Ag/AgCl reference electrode. The morphology of the
PEDOT of pristine and scanned samples was observed in a Zeiss Auriga
60 FIB/SEM at 3kV.

2.5. Characterization of mechanical stability

A custom in-situ linear reciprocating tribometer (illustrated in
Fig. 2.) was used to mimic the sliding behavior between the coated
electrodes and the soft tissues typical of the bioelectronics applications
of interest. The normal and friction forces were determined using ca-
pacitive displacements sensors to measure normal and transverse de-
flections of the pre-calibrated loading beam as described elsewhere
(Bonnevie et al., 2011) (Moore and Burris, 2014). For this study, fresh
room temperature pork loin was chosen as the counterbody because of
its clinical relevance as a model muscle tissue. Each 4-5 mm diameter
cylinder of muscle was attached to the loading beam with

(b)

substrate side view

Fig. 1. Illustrations of the tensile strain cracking pattern method (a and b) and the wire loop modification (c) used to characterize relative shear strength of PEDOT
films on varying substrates. (a) Top-down view of the standard strain test. (b) Side view of the test illustrating a point-wise measurement of crack spacing (A\) and
coating thickness (t) at a single ‘domain’ of failed film. (c) Schematic of the wire loop modification. Under any pulling force, F, the maximum moment occurs at the
apex of the loop. (d) SEM image of a representative sample following the wire loop pull test. Unlike the tensile test, in which local plastic instabilities (necking) of
ductile substrates can destroy the measurement, the wire loop version of the test guarantees the location of maximum tensile strain on the outside and at the apex of

the wire loop as shown.
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b

PEDOT

10 mm

Fig. 2. (a) The experimental setup for tribological durability testing: porcine loin muscle was attached to the loading beam and rubbed against PEDOT coating
deposited on different substrates and surface treatments. (b) Optical images of a PEDOT coating on untreated SS substrate during the wear test after cycles 1 and 50.

cyanoacrylate adhesive and loaded to 20 mN to achieve a target contact
pressure of 1-1.6 kPa, which approximates the fluid pressure of lower
limbs (range —1 to 10 mmHg (Olszewski et al., 2010)). The muscle
tissue slid against the coating over a 10 mm long track at a fixed
nominal speed of 5mm/s.

Damage was quantified by periodically interrupting the test and
taking in-situ optical microscopy images of the worn region. ImageJ
software was used to determine the area removed by sliding as shown.
The area removed was quantified after N = 0, 1, 2, 5, 10, 20, 50, 100,
and 200 cycles. The fraction of lost surface area ratio was determined
by A/A,, where A is the lost surface area, and A is the total wear track
area.

3. Results
3.1. Relative shear strength

SEM images of the cracked PEDOT film at the apex of representative
wire loop tests are shown in Fig. 3a-c at the same magnification; for a
given material system with constant film thickness, decreased crack
spacing reflects increased relative shear strength. The quantified crack
spacing is plotted as a function of measured coating thickness for each
of the three substrate conditions in Fig. 3d. Against stainless steel, the
PEDOT film had a crack spacing per unit thickness of 35.1 * 3.7,
which corresponds to a relative shear strength of 0.18 + 0.02 (Fig. 3f);
in other words, the interface was less than 20% the strength of the film
on average. The EDOT-acid surface treatment improved the interfacial
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Fig. 3. SEM images of PEDOT film cracking: (a) PEDOT film (~0.8 um thick) on untreated SS, (b) PEDOT film (~1 pm thick) on treated SS, and (c) PEDOT film
(~2 pm thick) on Au. (d) The statistics of crack spacing vs. thickness of PEDOT on 3 different substrates from the loop test (z* = /7). (f) The statistics of the relative
shear strength from loop and tensile tests (tensile tests on gold resulted in necking and ultimate failure rather than uniform plastic deformation — this inspired the use
of a loop test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. SEM images before and after CV test: (a) PEDOT surface before CV test. (b) PEDOT on untreated SS after CV test, with a large circular wrinkle and many
smaller wrinkles. (c¢) PEDOT on treated SS after CV, with fewer wrinkles. (d) PEDOT on Au after CV, with no wrinkles. Scale bars are 50 um.

shear strength of the PEDOT film; crack spacing per unit thickness
decreased to 9.1 *+ 2.0, which corresponds to a relative shear strength
of 0.69 = 0.15. PEDOT had the greatest interfacial strength on pure
untreated gold. In this case, the crack spacing per unit thickness de-
creased to 4.3 = 1.0 and the relative shear strength increased to
1.46 + 0.33. Against gold, the bonded interface is actually stronger
than the film itself and, based on the adhesion transition hypothesis,
one would expect PEDOT on gold to be substantially more durable than
PEDOT on treated or untreated stainless steel.

3.2. Electrochemical stability and the potential of PEDOT failure

Before the electrochemical stability (CV) testing, there were no
obvious differences in the visual appearance of the PEDOT films under
the 3 substrate conditions of this study (Fig. 4a). In the case of the
untreated stainless steel, 3000 cycles of CV scanning led to significant
film wrinkling (Fig. 4b), which suggest that repeated swelling and
shrinking during redox switching compromised the integrity of the
adhesive interface. EDOT-acid treatment altered the qualitative ap-
pearance of the wrinkling following CV scanning, but it did not prevent
interface damage (Fig. 4C). Conversely, CV scanning on PEDOT-gold
caused no obvious visual evidence of interfacial or surface degradation
(Fig. 4d).

3.3. Mechanical stability and the potential degradation of signal transfer
performance

PEDOT coated surfaces were slid at low pressure against pork loin to
determine if and how the relative shear strength affects resistance to
tribological stresses. The percentage of total film area removed is
plotted as a function of distance slid in Fig. 5. Against untreated
stainless steel, ~25% of the PEDOT film was removed on the first
sliding cycle. Against treated stainless steel, the PEDOT film endured
20-40 sliding cycles prior to any significant removal of material.
Against Au, we observed no evidence of material removal across the

14
. —@—PEDOT on untreated SS
1.2 —@—PEDOT on treated SS
PEDOT on Au

Wore Area Ratio

-0.2 T
1 1

0 100
Cycles

Fig. 5. Lost area ratio as a function of the number cycles during wear testing.

length of the 200 cycle test. Furthermore, no damage was observed
after an additional 500 sliding cycles. These results suggest that me-
chanical failure is extremely sensitive to relative shear strength and are
consistent with the adhesion transition hypothesis of film failure.

4. Discussion

Mechanical durability, and delamination in particular, of con-
ducting polymers on inorganic substrates is a significant technical
challenge in a number of areas including bioelectronics. Many attempts
have been made to resolve this issue using materials design and
chemistry-based approaches to increase strength and toughness of the
film and the bonded interface. In this paper, we demonstrate that
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Table 1
Relative shear strength and durability of PEDOT on different substrates.

Relative shear Tribological failure Interface integrity after

strength cycles CV scans
Untreated SS  0.18 1-2 Significant wrinkling
Treated SS 0.69 20-30 Wrinkling
Au 1.46 > 500 No wrinkle

changes in substrate conditions can significantly improve interfacial
properties of the film. Moreover, we show that increased relative shear
strength (r;/7¢) to beyond 1 radically improves failure resistance under
mechanical and electrical cycling (see Table 1)

The results provide no direct insight into whether the improvements
in relative shear strength reported here are due to increased interfacial
shear strength, decreased film strength, or a combination of the two. It
seems unlikely that altering the substrate metal would significantly
reduce the bulk strength of the film. The most intuitive interpretation is
that PEDOT on gold had significantly improved interfacial shear
strength, which caused increased relative shear strength and durability.
While we did not attempt to measure interfacial shear strength directly,
we can infer its magnitude if we assume bulk PEDOT properties from
the literature (o = 56 MPa (Qu et al., 2016)); on this basis, our direct
measurements of relative shear strength suggest that the interfacial
shear strength of the PEDOT film was 5.0 MPa, 19 MPa, and 41 MPa
against untreated stainless steel, EDOT-acid treated stainless steel, and
Au, respectively.

The concept of relative shear strength provides some important
insights into the unusually strong effects observed in this study. Against
untreated stainless steel, the interfacial shear strength was about 20%
the shear strength of PEDOT. This is reasonable for incompatible ma-
terials linked primarily through physical interactions. It is also rea-
sonable to expect an EDOT-acid surface treatment designed to improve
interfacial compatibility to also improve interfacial shear strength
by > 200%; in this case, the interface was still less than 80% the
strength of the film itself. The PEDOT-Au interface was 46% stronger
than the PEDOT film, which indicates that the interactions between
polymer chains and gold were stronger than those between polymer
chains. Previous results from X-ray photoelectron spectroscopy studies
of this system (Terzi et al., 2011) (Samba, 2013) are consistent with
strong chemical interactions between the Au and S in the thiophenes.
Such an interaction may help explain the strong PEDOT-Au interface
observed here.

Aside from the engineering challenges of improving and quantifying
interfacial strength, key scientific questions remain about how film and
interface strength and toughness affect system durability. One inter-
esting observation from this study is the strongly nonlinear relationship
between interfacial strength and durability. A 3.8 times increase in
relative shear strength (0.18-0.69) from EDOT-acid treatment of
stainless steel only modestly improved tribological durability but an
additional 2.1 times increase in shear strength for PEDOT against Au
prevented interfacial damage during tribological and electrical testing
altogether. According to the adhesion-transition hypothesis, the weak
interface limits traction stresses and thereby protects all stronger in-
terfaces. By definition, failure can only occur within the film or at the
tribological interface when (t;/tf > 1). Thus, unlike interfacial shear
strength, the relative shear strength may be an independent predictor of
film durability and its transition value is theoretically defined as 1. It is
worth mentioning that a mean relative shear strength above 1 is in-
sufficient to ensure a robust film since statistical variations (see Fig. 3d)
can create domains of a relative weak bonded interface. The interface
will only be robust if t;/tf > 1 everywhere. In this case, a mean re-
lative shear strength of 1.5 was sufficiently larger than the critical value
to accommodate any such statistical variations.

The highly nonlinear relationship between interfacial shear strength
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and film failure rates, the interfacial shear strength required to prevent
damage (~20 MPa), and the relative shear strength required to prevent
damage (~1.5) observed here are all consistent with previous ob-
servations from Ye et al. (2015). The generality suggested by these
studies provides the materials designer with powerful new tools: (1) the
relative shear strength appears to be a system-insensitive predictor of
film durability; (2) relative shear strength can be assessed easily and
directly for a wide range of metallic substrates with the wire loop
modified tensile strain crack pattern method.

The following limitations should be kept in mind. First, the wire
loop method used herein departs from the model situation for which the
theoretical solution was developed (Martin, 2003). One obvious dif-
ference is the small twist angle from looping. This can be overcome
with a crimped ‘U’ and other possible arrangements but results of va-
lidation testing against the standard tensile test (Fig. 3f) alleviated our
concerns over these differences. Additionally, because we were more
concerned about creating differences in interface properties than the
causes of those differences, we made no attempts to control parameters
known to affect interfacial strength such as surface energy and rough-
ness. For example, the gold substrate for tribological and electrical
testing was sputtered onto smooth glass, whereas wire loop tests were
conducted on pure gold wires that were an order of magnitude rougher.
It is possible, if not likely, that surface topography, contamination,
oxides, substrate strength, and other factors contributed to differences
in interfacial shear strength.

5. Conclusions

There are three important conclusions from this study. First, the
simple yet robust method developed to quantify the relative shear
strength of PEDOT on ductile metallic substrates is widely applicable
for multiple deposition methods, such as electrochemical, chemical,
and vapor phase depositions, of diverse conducting polymer films. This
method can be also extended to the systems with polymer substrates,
but not limited to the metallic substrates. Second, quantifying the effect
of substrate and surface treatment on the relative shear strength of
PEDOT films has provided insights for substrate modification and ma-
terial selection. Third, changes in relative shear strength to resistance to
interface failure under cyclic electrical and tribological testing have
been correlated, confirming the utility of the relative shear strength as a
measure of durability. Treating stainless steel substrates with an ad-
hesion promoter increased relative shear strength of PEDOT films from
0.18 to 0.69. On untreated gold, the relative shear strength of PEDOT
increased to 1.46; i.e. the bonded interface on gold was significantly
stronger than the film. Whereas both cyclic electrical and tribological
testing quickly and severely damaged the PEDOT/substrate interface
when the relative shear strength (ti/t¢) was less than 1, neither stimulus
damaged the interface when the relative shear strength (t;/7¢) exceeded
1.
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