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ABSTRACT
Electrodes for interfacing implantable electronics and neural tissue are of great importance to gain a better understanding of the nervous sys-
tem and to help people suffering from impaired body functions due to nerve lesions or lost organ functionality. In particular, neurostimulation
techniques for bioelectronic medicine rely on the development of mechanically and electrochemically stable electrodes. While contemporary
electrodes are based mainly on metals, new materials are being designed to enhance the mechanical and electrochemical properties of the
interface. In this work, a nerve interface based on carbon nanotubes (CNTs) embedded in polydimethylsiloxane (PDMS) is fabricated and
investigated. The fabrication process relies on the selective vacuum filtration of CNT suspensions through a printed wax pattern. The mechan-
ical and electrochemical stability of the nerve interface was validated by 10 000 stretching cycles up to 20% strain and >4 × 106 biphasic
stimulation pulses with 32 μC cm−2 per phase. The feedline resistance and electrode impedance showed only minor alterations after the stress
tests. The functionality of the nerve interface was demonstrated by successful stimulation of the central nerve cord of a horse leech apply-
ing stimulation conditions within the water window of the CNT/PDMS electrodes. This work shows the practical usability of CNT/PDMS
composites as electrodes and feedlines in peripheral nerve interfaces for future neuroprosthetic devices.

© 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/10.1063/5.0021887., s

INTRODUCTION

Electrical stimulation of nerve and muscle tissue is a pow-
erful tool for treating neurological disorders,1 restoring impaired
functionality,2 and providing insight into understanding informa-
tion processing in the nervous system.3 In this context, electrodes
in direct contact or in close proximity to the target tissue are
used as transceivers between the biologic and the electronic signal
processing domains.

Contemporary materials for stimulation electrodes are mainly
based on metals such as stainless steel,4 platinum,5

platinum–iridium,6 nickel–titanium,7 and other alloys. Often, the
surface of metal electrodes is modified by inducing porosity8

and oxide formation9 or coating with carbon nanotubes (CNTs)
and conducting polymers like poly(3,4-ethylenedioxythiophene).10

These surface alterations have the purpose to modify the electro-
chemical properties of bare metal electrodes in order to achieve a
lower impedance and higher charge injection capacity (CIC). Con-
sequently, higher currents can be injected into the tissue through
the electrode without reaching potentials at the electrode–electrolyte
interface that might cause damage to the tissue or the electrodes by
irreversible electrochemical reactions.11,12

Although metals are the dominant material used for com-
mercial implantable electrodes, they pose certain limitations. For
example, when current pulses are applied at the electrodes for longer
periods of time, metal dissolution for stainless steel and platinum13,14

APL Mater. 8, 101111 (2020); doi: 10.1063/5.0021887 8, 101111-1

© Author(s) 2020

https://scitation.org/journal/apm
https://doi.org/10.1063/5.0021887
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0021887
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0021887&domain=pdf&date_stamp=2020-October-20
https://doi.org/10.1063/5.0021887
https://orcid.org/0000-0002-9060-884X
https://orcid.org/0000-0003-1063-8342
https://orcid.org/0000-0002-9462-7167
https://orcid.org/0000-0002-3757-0555
https://orcid.org/0000-0003-4438-3755
mailto:bernhard.wolfrum@tum.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0021887


APL Materials ARTICLE scitation.org/journal/apm

was observed. This issue can have toxic effects on the neural
tissue.15

Besides the aspects of desired electrochemical properties and
stability of the electrodes, the substrate of the implanted device
should have similar mechanical properties as the tissue to which
it is in contact. Soft and flexible interfaces conform better to neu-
ral tissue16 and elicit less neural damage during relative movements
inside the body. In particular, such soft interfaces initiate less for-
eign body response compared to more rigid ones when implanted.17

This aspect is of special importance as an inflammatory response
can lead to fibrous capsule formation around the electrode, which
in turn decreases the signal-to-noise ratio for recording devices or
induces higher current thresholds to reach the target tissue when
stimulating. Two main routes of providing flexible neural inter-
faces are currently being employed: One is based on the fabrication
on extremely thin substrate films made, for example, from poly-
imide18,19 or parylene.20,21 The second approach employs soft and
stretchable substrates made of, e.g., silicones such as polydimethyl-
siloxane (PDMS).22–24 While the integration of metallic feedlines
on flexible substrates is not a problem in general, it turns out to
be a challenge on soft and stretchable substrates due to the poten-
tial electrical connection breakage upon strain application. How-
ever, it was reported that by structuring the electrical connections
in a meandering fashion,25 patterning intrinsically stretchable poly-
meric composites,26 or making use of microcracks in thin metal
films,27 elastomeric substrates can be stretched up to tens of per-
cent while still sustaining sufficient electrical conductivity. Another
approach to realize soft and stretchable neural interfaces is embed-
ding high-aspect ratio nanomaterials, e.g., gold-coated titanium
oxide nanowires, inside the PDMS matrix.28 As another nanoma-
terial with a high-aspect ratio, CNTs have been successfully embed-
ded in PDMS.29–33 Typically, electrodes made out of CNTs exhibit
a large specific surface area and, therefore, a high specific double
layer capacitance when used in contact with electrolyte solutions.34

This property enables CNT electrodes to store more charge11,35 mak-
ing them a promising candidate for stimulation electrodes. Further-
more, CNTs have a larger water window than metals5,36,37 and conse-
quently can be polarized to higher potentials without electrolysis of
water. This is important since irreversible electrochemical reactions
due to Faradaic currents during electrolysis can damage the tissue or
the electrode.

Here, we present a soft and stretchable neural interface device
with CNTs as the sole conducting material inside a PDMS matrix.
The CNT/PDMS electrodes were structured using a printed wax pat-
tern on a filter membrane, as introduced by Tybrandt and Vörös for
the fabrication of silver nanowire feedlines.38 We present the electro-
chemical and mechanical properties of the CNT/PDMS electrodes
and validate the device’s functionality by extracellular stimulation
inside a horse leech (Haemopis sanguisuga). The stimulation is per-
formed between two adjacent ganglia on its main ventral nerve cord,
and its muscle contraction is correlated with the applied stimulation
signals.

MATERIALS AND METHODS
Fabrication

Filter membranes (Durapore, 0.22 μm pore size, polyvinylidene
fluoride (PVDF) membrane,∅ 47 mm, hydrophilic, nonsterile) were

patterned with the negative structure of the desired electrode layout
by a wax printer (Xerox, ColorQube 8900). Afterward, they were
wetted with de-ionized (DI) water from both sides and attached
to a vacuum filtration setup. A CNT dispersion was prepared with
1.43 mg CNTs (Hanos MWCNT M-95, entangled, 93%–97% purity;
Hanwha Chemical), 16 mg sodium dodecyl sulfate (SDS) (BioChem-
ica, A2573.0250, pH = 5.0–7.0), and 100 ml DI water. The CNT
amount was defined by the area of the target electrode design to yield
a surface concentration of 1.33 mg cm−2 after filtration. An ultra-
sonic homogenizer (generator: GM 2200.2, transducer: UW 2200,
booster: SH213, sonotrode: KE76, Bandelin, Germany) was used at
40% power for 5 min continuously to disperse the CNTs in the sol-
vent. Subsequently, the dispersion was filtered through the patterned
filter membrane to achieve a homogeneous CNT pattern on the
wax-free areas of the membrane. The vacuum for the filtration was
applied by a pump (MD 1, 1.5 mbar, Vacuubrand GmbH+CoKG,
Germany). The membranes were left to dry for at least 16 h. After-
ward, they were dipped into acetone four times with breaks of 5 min
in between each step. This step removed the wax pattern and resid-
ual CNTs, which were not captured in the defined areas but adhered
to the wax pattern. Before the next step, the membrane was left
to dry for at least one hour. Meanwhile, a glass slide was cleaned
with isopropanol and dried with pressurized air. PDMS (Sylgard
184) was prepared by vigorously stirring a 10:1 (w:w) base to curing
agent mixture for 2 min and degassing it for 20 min under vacuum
(N816.1.2 KN.45.18/M37, IP20, 0.5 bar, KNF Neuberger, Germany).
Two layers were spun on the glass slide at 1000 rpm for 30 s. While
the first layer was entirely cured (100 ○C for 1 h) in an oven, the sec-
ond layer was semi-cured at 65 ○C for 15 min on a precision hot plate
(PR 5-3T, Harry Gestigkeit, Germany). Subsequently, the CNT pat-
tern on the filter membrane was pressed on the semi-cured PDMS
layer, and the sample was cured in an oven at 100 ○C for 1 h. After-
ward, the membrane was soaked in DI water for 2 min and manu-
ally detached leaving the CNT pattern embedded into the silicone
surface.

For the insulation layer, a 175 μm thick PET foil was cut to
the desired dimensions and left in a 10 wt. % SDS solution for 24 h.
The foil was dipped two times in DI water and dried by pressurized
air. Another PDMS layer (mixed and degassed as mentioned above)
was prepared by spin coating (1000 rpm, 150 s) on the PET foil.
The foil was attached to a custom-made fineplacer with the PDMS-
coated surface facing the embedded CNT pattern. It was aligned
onto the CNT pattern such that only electrode openings and con-
tact pads were not covered with the PDMS layer. After placement,
the sample was put into a degassing chamber for 20 min and subse-
quently cured at 150 ○C for 1 h. Finally, the foil was detached and
the silicone probes were cut to the desired layout before detach-
ing the samples from the glass surface. The complete fabrication
process is illustrated schematically in Fig. 1. Images of the samples
were made by a stereomicroscope (Stemi 2000-C, Carl Zeiss, Ger-
many) and a camera (EOS 8000D, Canon, Japan) with a microscope
adapter (NY1S, Mecan, Japan). The thickness of the PDMS substrate
and passivation were determined with a 3D laser scanning confocal
microscope (VK-X250, Keyence, Japan). In order to determine the
conductivity of the CNT feedlines, samples were cut perpendicular
to the length of the feedlines, and their cross section was imaged in
a scanning electron microscope (JSM-6060LV, JEOL, Japan) with an
acceleration voltage of 10 kV at a magnification of 120×. The
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FIG. 1. Fabrication procedure of embed-
ding CNTs into PDMS. A pattern is
printed on a blank filter membrane (1
and 2). Vacuum filtration of a CNT-SDS-
DI water dispersion through the wax-
free areas of the membrane (3). CNTs
are deposited on the wax-free areas of
the membrane (4), and the wax pattern
is dissolved by acetone (5). The CNT
pattern is contacted with a semi-cured
layer of PDMS (6), and the filter mem-
brane is detached after fully curing the
PDMS layer (7). A PDMS top insulation
is applied (8), and the samples are cut
and detached from the glass carrier (9).

cross-sectional area of the CNT conductors was evaluated with the
software Fiji.

For interfacing with the leech, a thread was immersed in PDMS
(mixed and degassed as mentioned above) and glued onto the
back side of the CNT/PDMS electrodes along the CNT feedlines.
The other end of the thread was attached to a surgical needle for
suturing.

Electrochemical and mechanical characterization

If not mentioned otherwise, cyclic voltammetry (CV) and
impedance spectroscopy measurements were performed in phos-
phate buffered saline (Dulbecco’s PBS, pH = 7, ρ = 0.63 Ω m, D8662,
Sigma-Aldrich). Both measurements were performed in a three-
electrode setup with a Ag/AgCl reference electrode (RE-6, Basi, West
Lafayette, USA, 3M NaCl solution), a large-area Pt wire as a counter
electrode, and a potentiostat (PalmSens4, The Netherlands). Cyclic
voltammetry was applied in three different ranges for different pur-
poses: A scan range between −2.5 V and 2.5 V vs Ag/AgCl for three
cycles in order to determine the water oxidation and reduction limits
for the CNT/PDMS electrodes and to activate the electrode surface.
A scan range between −1 V and 1 V vs Ag/AgCl at 100 mV s−1 was
applied for ten cycles in order to precondition the surface before per-
forming an electrochemical impedance spectroscopy measurement.
A scan range between −0.1 V and 0.1 V vs Ag/AgCl at 10 mV s−1

was applied to measure the surface double layer capacitance. The
specific capacitance was determined by the formula cS = (|ic|
+ ia)/(2 × |v| × A), where ic and ia are the cathodic and the anodic
current at 0 V vs Ag/AgCl, respectively, v is the scan rate, and A is
the electrode area. In all CVs, the start and finish potential was set to
0 V vs Ag/AgCl, and the measurement started with a negative sweep-
ing direction. The impedance data were recorded applying a signal
of 10 mV (rms) (≈28.2 mV peak-to-peak). For comparison, the low-
frequency regime of the impedance data (below 20 Hz) was fitted to
a simplified Randles circuit neglecting the Warburg element.

In order to determine the charge injection capacity (CIC)
and to perform the long-term stimulation experiments, pairs of
electrodes on the same electrode array with similar surface area
and impedance were characterized. A self-made constant-current
source was used to apply stimulation pulses, and the polar-
ization of both electrodes was measured with an oscilloscope

(InfiniiVision DSOX2024A, 200 MHz, 2 GSa/s, Keysight, USA). A
biphasic (cathodic first), charge-balanced current pulse of 200 μs
phase duration and 20 μs interphase delay was applied between both
electrodes. The amplitude of the signal was increased until the polar-
ization of each electrode reached Δφp ≈ 1 V. The polarization was
obtained by the formula Δφp = (Δφtot − Δφs)/2, where Δφtot is the
total measured potential difference before and at the end of the
cathodic pulse and Δφs is the voltage drop over the solution resis-
tance. The CIC was determined by the formula CIC = Q/A, where Q
is the charge passed through both electrodes during one phase and
A is given by the average area of the two electrodes.

The long-term stability upon periodic pulsing was determined
by applying continuous pulses between each pair of electrodes,
which were used to determine the CIC. Using an identical signal as
described above, the current amplitude was determined by the mean
electrode area of both electrodes and a charge injection limit (CIL) of
32 μC cm−2. The frequency of the pulse train was 200 Hz, and it was
applied for one hour a day. Afterward, an impedance spectrum of
both electrodes was recorded separately. In total, this measurement
was performed twice a week over a period of three weeks.

For the mechanical characterization, samples with a 20 mm
long and 0.6 mm wide CNT/PDMS pattern were attached to a
custom-made stretcher and stretched between 0% and 20% strain in
a cyclic manner. The stretching speed was set to 0.5 mm s−1. Their
resistance was measured after 1, 10, 100, and 1000 and after every
additional 1000 cycles until 10 000 cycles were completed. Further-
more, a sequence of cycles with increasing maximum strain of 10%
for each cycle was applied up to a total strain of 80%. The resis-
tance of the CNT/PDMS structure was measured after each cycle.
The mechanical characterization was performed on n = 6 electrodes,
and the reported values indicate the mean ± standard deviation.

In vivo surgery

Before the experiment, the leeches (Blutegelapotheke Bieber-
tal, Germany) were kept in tap water (chlorine-free), which was
obtained by letting the tap water rest for at least 48 h under ambi-
ent conditions. They were stored isolated from light and kept in a
fridge at 10 ○C. Their water was changed once a week by replac-
ing half of the amount with fresh water. Prior to surgery, the
leech was anesthetized by submersion into ice water for ∼20 min,
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rendering them easier to handle. Then, the leech was pinned down
on both ends and the middle with its ventral side facing upwards.
Throughout the experiment, the leech was wetted several times with
the cold Ringer solution (115.3 mM NaCl, 1.8 mM CaCl2, 4.0 mM
KCl, 10 mM, Tris/maleic acid or HEPES). A small longitudinal inci-
sion centered over the ventral midline of the leech was performed.
The skin and the muscle layers were carefully separated until the
nerve cord was exposed. Next, the black sheath surrounding the
nerve was cut but not separated, leaving the nerve exposed from
above.

The surgical needle that was attached to the nerve interface by
a thread was inserted between the nerve cord and the surrounding
sheath. Afterward, the thread was used to pull the electrode directly
below the nerve to form a tight contact. The other end of the nerve
interface was connected to a custom-made holder via an FPC con-
nector (2005280040, Molex, USA). A large-area Pt wire, which was
immersed in 2 cm–3 cm proximity to the CNT/PDMS electrodes in
the Ringer solution, served as the counter electrode.

In vivo experiment

The stimulation was performed using trains of charge-balanced
biphasic current pulses (cathodic pulse first) applied between the
CNT/PDMS working and the Pt counter electrode. Each phase had
a duration of 200 μs, an interphase delay, and an interpulse delay of
75 μs. The pulse trains consisted of an integer multiple of 100 bipha-
sic pulses. The number of pulse trains and the amplitudes were
adjusted until a contraction of the leech could be observed. At the
same time, the potential difference between the CNT/PDMS stim-
ulation electrodes and the Pt counter was measured via an oscil-
loscope, as described for the electrode characterization. During the
amplitude adjustment, attention was given not to exceed the water
window of the CNT/PDMS electrodes.

RESULTS AND DISCUSSION

An example of a fabricated freestanding CNT/PDMS nerve
interface can be seen in Fig. 2(a). The PDMS substrate and passi-
vation thickness are 188 ± 10 μm and 41 ± 13 μm, respectively. The
stimulation electrodes have a surface area of 0.16 ± 0.03 mm2. The
CNT feedlines have a cross-sectional area of (4.9 ± 0.7) × 104 μm2

and a thickness of 77 ± 13 μm. The conductivity of the CNT feed-
lines is 262 ± 35 S m−1 directly after fabrication and decreases to

173 ± 27 S m−1 after release from the glass carrier. We attribute
this difference to the uniaxial strain to which the sample is exposed
during release. In Fig. 2(b), the resistance change after stretching
the feedline with 20% strain up to 10 000 cycles is shown. During
the first ten cycles, we observe an increase of the feedline resis-
tance in the range of ≈5%, followed by a decrease (≈−15% of the
original value) after a few thousand cycles. Afterward, the resis-
tance remains stable. Applying increased strains up to 80% leads
to an approximately twofold increase in the feedline resistance after
relaxation (see Fig. 1 of the supplementary material), which is an
acceptable value. The nerve interface is expected to be bent and
stretched during normal body movements after being implanted.
Therefore, the increase in resistance during the initial stretching
cycle of the fabrication procedure can be neglected. These results
validate the functionality of the CNTs embedded into PDMS to
be used as reliable and stretchable feedlines for implantable nerve
interfaces.

From a cyclic voltammetry measurement in the range between
−2.5 V and 2.5 V vs Ag/AgCl [Fig. 3(a)], the water oxidation and
reduction limits of the CNTs were found to be ∼−1.5 V and 1.7 V vs
Ag/AgCl by extrapolation of the oxidation and reduction slopes to
the voltage axis. This corresponds to a water window that is notably
larger than that of the commonly used stimulation electrodes from
platinum, which spans approximately a range from −0.6 V to 0.9 V
vs saturated calomel electrode (SCE).5 The reduction and oxidation
limits are similar to values reported in the literature for bare CNT
fibers.37

By performing CV beyond the water window, cathodic and
anodic Faradaic currents are generated at the electrodes. As a result,
the impedance of the electrodes decreased from 26 ± 4 kΩ to 3.9
± 0.3 kΩ at 1 kHz [n = 12, mean ± standard deviation; Fig. 4(a)].
Such a decrease was previously observed for carbon nanotube elec-
trodes with an insulating epoxy as the substrate.39 In our experi-
ments, this decrease was sustained during repetitive measurements
in fresh PBS. A possible explanation for this phenomenon is that
fabrication-induced contaminations adsorbed at the surface are
removed during the CV scan, effectively increasing the accessible
surface area. Furthermore, hydrolysis could alter the pH around
the electrode, which might induce edge-plane defects or oxygen-
containing functional groups on the carbon nanotube surface.40

Such functional groups can decrease the electrode’s impedance
by a pseudocapacitive contribution due to redox reactions. SEM
images of the CNT surface before and after activation are shown

FIG. 2. (a) Image of the freestanding
CNT/PDMS nerve interface (scale bar:
3 mm). (b) Resistance change upon
cyclic stretching to 20% strain (n = 6,
dark green line: mean value, light green
area: standard deviation).

APL Mater. 8, 101111 (2020); doi: 10.1063/5.0021887 8, 101111-4

© Author(s) 2020

https://scitation.org/journal/apm
https://doi.org/10.1063/5.0021887#suppl


APL Materials ARTICLE scitation.org/journal/apm

FIG. 3. Cyclic voltammograms used to
determine reduction and oxidation limits
of water for carbon nanotube electrodes.
(a) Measurement on a CNT electrode in
a three-electrode-configuration. (b) Mea-
surement between two CNT electrodes
on the same electrode array.

FIG. 4. Impedance spectroscopy of
CNT/PDMS electrodes with an area
of 0.16 ± 0.03 mm2 (n = 12, mean
± standard deviation). (a) Change in
impedance and (b) change in phase
angle before (circles) and after (trian-
gles) surface activation via cyclic voltam-
metry. The arrows show the direction of
change.

in the supplementary material (Fig. 2). Comparing the decreased
impedance values with, for example, gold electrodes patterned on
PDMS, the areal impedance at 1 kHz is lower (0.6 kΩ mm2 for
CNT/PDMS vs 49.6 kΩ mm2 41 and 4.6 kΩ mm2 42 for Au on
PDMS). However, when the comparison is done with gold elec-
trodes with increased surface roughness by reactive ion etching
(0.8 kΩ mm2 43 at 1 kHz), the areal impedance values are similar.
Platinum-coated titanium oxide nanowire electrodes can show sig-
nificantly lower impedances.28 It is noteworthy to mention that the
final impedance of our device is strongly affected by the CNT feed-
line resistance, which is 2.7 ± 0.4 kΩ (n = 12, mean ± standard
deviation). Future work should, therefore, be directed at decreas-
ing the feedline resistance, e.g., by changing material properties or
geometric design.

The specific capacitance of the CNT/PDMS electrodes was
determined from CV measurements (see Fig. 5) to be 0.7
± 0.2 mF cm−2 (n = 12, mean± standard deviation), which is approx-
imately one order of magnitude less than what was reported for
lithographically patterned CNT electrodes.34,36,44 A possible reason
for this might be that the CNTs in this work are partially embedded
in PDMS, which decreases the effective surface area of the electrode.
It was shown that aligned CNT films possess a larger pore size as
well as a more regular pore structure and conductive paths com-
pared to entangled CNTs.45 Due to the smaller and more irregular
pores in entangled CNT electrodes, ions cannot diffuse easily to
the inner region of the electrode, ultimately leading to a lower spe-
cific electrode capacitance. For comparison, we evaluated the specific
capacitance by fitting a simplified Randles circuit to the impedance
spectra. In the low-frequency region, where the capacitive contribu-
tion dominates, a value of 0.4 ± 0.1 mF cm−2 is obtained (n = 12,
mean ± standard deviation). However, it should be considered that

the interface behavior is not exactly described by the Randles circuit
and the results are frequency dependent.

An important property of electrodes used for neural stimula-
tion is the maximum amount of charge that can be injected into the
tissue during a stimulation pulse. Associated with this quantity is
the so-called charge storage capacity (CSC), which is obtained by
integrating the current during a cyclic voltammetry measurement in
between the water window of the electrode material. Since only one
phase, regardless of whether the stimulation pulse is monophasic
or biphasic, is responsible for the generation of an action potential,

FIG. 5. Cyclic voltammetry performed with a CNT/PDMS electrode (0.143 mm2) at
different scan rates.
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only the cathodic or anodic part of the overall charge is consid-
ered. However, this assessment method is quasi-stationary (with a
duration of up to a few minutes) and does not represent the pro-
cess of stimulation, which typically relies on short voltage or cur-
rent pulses (from tens of micro- to a few milliseconds). Another
method is to measure the voltage transient at the stimulation elec-
trode vs a reference electrode upon the application of a current
pulse. Here, the current amplitude is increased until the electrode
polarization (measured as the total potential difference minus the
potential drop across the solution resistance) has reached either
the water oxidation, water reduction, or any other specified poten-
tial. In case the applied signal is a biphasic pulse, the charge in the
leading phase is then named as the charge injection limit (CIL) or
charge injection capacity (CIC). Since it was shown theoretically
and experimentally that cathodic currents provide more efficient
stimulation,46,47 the CIC values reported in the literature are deter-
mined mainly using a cathodic leading phase. Important to mention
is that the CIC values are in general lower than the CSC values.
During CIC assessment, the electrode is at its open circuit poten-
tial (somewhere between the water oxidation and reduction poten-
tials) at the onset of the stimulation pulse. Thus, the polarization
does not occur across the entire water window as is the case dur-
ing a CV measurement for the determination of the CSC value.
Furthermore, the CIC is not only dependent on the electrode mate-
rial but also on the duration of the applied stimulation current.
Hence, for the determination of the CIC, the exact shape and tem-
poral characteristics of the stimulation pulse should be considered as
well.

In this work, the CIC measurement was performed between
two electrodes on a single electrode array. After having determined
the water window for the CNT/PDMS electrodes, a conservative
value of 1 V was set as the target polarization of one electrode and
a total polarization of 2 V was used to determine the CIC. Using
two similar electrodes on the same stimulation device has the advan-
tage that the measurement can also be performed during in vivo
experiments. Such an approach is more problematic for the general
three-electrode setup due to the possible leakage of potentially harm-
ful materials of the reference electrode into the organism (e.g., silver
from a Ag/AgCl reference electrode). An additional CV was carried
out across both electrodes to show that the entire system (electrode–
electrolyte–electrode) can be operated up to 2 V without significant
effects of electrolysis [Fig. 3(b)]. Using this approach, the CIC of

the CNT electrodes was calculated to be 81 ± 19 μC cm−2 (n = 6
electrode pairs, mean ± standard deviation).

In order to assess the long-term electrochemical stability, we
exposed the CNT/PDMS electrodes to >4 × 106 stimulation pulses
over a time period of three weeks. As during the characterization,
the pulses were applied between two CNT/PDMS electrodes and
the polarization was evaluated. The charge density was set to 32 μC
cm−2 per phase, which is close to the allowed upper limit for deep
brain stimulators (30 μC cm−2) and for cochlear implants to be used
in patients.48–50 Despite the applied 4 × 106 stimulation pulses, no
severe change was found in the electrode properties, such as polar-
ization [Fig. 6(a)] or electrode impedance [Fig. 6(b)]. This shows that
the CNT/PDMS electrodes are capable of withstanding prolonged
stimulation conditions.

The functionality of the electrodes to provide successful stimu-
lation was validated by stimulating the central nerve cord of a horse
leech between two randomly selected ganglia [Figs. 7(a) and 7(b)].
In order to prevent electrode potential drift and irreversible dam-
age due to unidirectional Faradaic currents, a biphasic current pulse
was chosen. A contraction along the entire leech body was evident
when stimulating with a pulse train of 1000 pulses. The stimulation
threshold was determined by increasing the stimulation amplitude,
and the initial contractions could be observed for a stimulation cur-
rent of 245 μA (35.0 μC cm−2 per phase). Increasing the current to
305 μA (43.6 μC cm−2 per phase), the contraction was clearly visible
under these conditions. To assess the dependency of stimulation on
the number of applied pulses, we decreased the total pulse number
in steps of 100 pulses. For this experiment, a stimulation amplitude
of 619 μA (88.4 μC cm−2) was applied to ensure reliable stimulation
conditions, well above the threshold. Below a pulse number of 300,
the leech did not respond to the stimulation conditions. Therefore,
the lower thresholds for further experiments were determined to be
either a pulse train of 1000 pulses with an amplitude of 305 μA or
a pulse train of 400 pulses with an amplitude of 619 μA. Notewor-
thy is that when increasing the delivered charge during a pulse train,
there was no difference in contraction intensity, which indicates that
the contraction is due to elicited action potentials in the target nerve
area. Next, the minimum time between two stimulation trains for a
successful stimulation event was investigated. For this, an amplitude
of 619 μA and a pulse number of 800 pulses were applied in order
to avoid operation at the stimulation threshold. Thus, a contrac-
tion can be ensured given that there is enough time in between two

FIG. 6. (a) Voltage transient at an exemplary interface (CNT/PDMS electrode–PBS–CNT/PDMS electrode) upon application of a biphasic constant-current pulse. The current
amplitude was set to have a charge density of 32 μC cm−2 per phase. (b) Change in electrode impedance upon leaving the electrodes immersed in PBS and having applied
one hour of continuous stimulation per day for six days over three weeks (n = 12, error bars show the standard deviation).

APL Mater. 8, 101111 (2020); doi: 10.1063/5.0021887 8, 101111-6

© Author(s) 2020

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

FIG. 7. (a) Schematic of the surgical and experimental setup. (b) CNT/PDMS electrodes interfacing the main nerve cord of the horse leech (scale bar: 1 mm). Only one CNT
electrode (upper one) was used for stimulation (A = 0.14 mm2). (c) Electrode polarization upon passing constant currents with two different amplitudes.

consecutive stimulations. The duration in between two consecutive
pulse trains was decreased from 11 s to 1 s. For stimulation frequen-
cies below 0.5 Hz (2 s delay between pulse trains), the subsequent
contractions following the first one visibly decreased in strength.
These durations are much longer than the refractory period of an
axonal action potential, which is in the order of a few millisec-
onds. Thus, we attribute this outcome to the sluggish relaxation
of the contracting muscles, which cannot follow the stimulation
repetitions. We characterized the potential excursion of the inter-
face CNT/PDMS electrode–nerve/ringer solution–Pt wire during
the stimulation of the leech. The polarization reaches up to 1.05 V
for the amplitude of 305 μA and up to 1.5 V for the amplitude of
619 μA [Fig. 7(c)]. In this scenario, the Pt counter electrode has

a large area (≈44 mm2), and thus, its contribution to the over-
all polarization should be very small or negligible. Therefore, the
CNT/PDMS electrodes used in this study were able to successfully
elicit action potentials while staying within their water window.

CONCLUSION

In this work, we have fabricated and investigated a stretch-
able CNT/PDMS electrode for peripheral nerve stimulation. The
fabrication relies on wax printing and vacuum filtration to pattern
CNT conductive feedlines and electrodes embedded into the sur-
face of PDMS. We investigated the response of the CNT/PDMS
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electrodes to repetitive uniaxial stretching (10 000 cycles) and con-
tinuous application of stimulation pulses (>4 × 106) to which they
resisted without failure indicated by the feedline resistance or elec-
trode impedance. The functionality of the CNT/PDMS electrodes
was demonstrated by stimulating the main nerve cord of a horse
leech and correlating applied stimuli to the observed muscle con-
tractions along its entire body. This shows that the CNT/PDMS
composite can potentially be used as an electrode and feedline
material in future implantable nerve interfaces. In order to build a
reliable interface between the peripheral nervous system and such
a device, a mechanically and electrically stable contact should be
established between the target nerve and the electrode area. This
might be realized by a cuffing mechanism designed around the elec-
trode area or incorporating tissue bonding strategies with the PDMS
substrate.

SUPPLEMENTARY MATERIAL

The results of stretching experiments up to 80% strain and SEM
images of activated and non-activated CNT electrodes are available
in the supplementary material.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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