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Abstract—Emerging therapies in bioelectronic medicine
highlight the need for deeper understanding of electrode
material performance in the context of tissue stimulation.
Electrochemical properties are characterized on the bench-
top, facilitating standardization across experiments. On-
nerve electrochemistry differs from benchtop characteriza-
tion and the relationship between electrochemical perfor-
mance and nerve activation thresholds are not commonly
established. This relationship is important in understand-
ing differences between electrical stimulation requirements
and electrode performance. We report functional electro-
chemistry as a follow-up to benchtop testing, describing a
novel experimental approach for evaluating on-nerve elec-
trochemical performance in the context of nerve activation.
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An ex-vivo rat sciatic nerve preparation was developed to
quantify activation thresholds of fiber subtypes and elec-
trode material charge injection limits for platinum iridium,
iridium oxide, titanium nitride and PEDOT. Finally, we ad-
dress experimental complexities arising in these studies,
and demonstrate statistical solutions that support rigorous
material performance comparisons for decision making in
neural interface development.

Index Terms—Bioelectronics, electrochemistry, elec-
trode materials, nerve stimulation, neural interface.

Impact Statement—This study establishes a repeatable
experimental paradigm in which to characterize electro-
chemical performance of novel electrode materials in the
context of nerve activation for bioelectronic medical appli-
cations.

I. INTRODUCTION

THE expansion of neural interface development for pros-
thetic limb technologies and bioelectronic therapies high-

lights the challenges ahead for effective, efficient and durable
devices [1], [2]. One of the biggest challenges is activating nerve
fibers within heterogenous tissue complexes that may include
a mixture of myelinated and unmyelinated fibers, muscle, fat,
lymphatic, and vascular tissue [3], [4]. High threshold unmyeli-
nated fibers are of particular interest for developing therapies
targeting the autonomic nervous system [5], [6], [7], [8]. These
complex targets may require greater levels of charge delivery
often surpassing electrochemical limits of commonly used elec-
trode materials. These emerging requirements have stimulated
the development and application of novel electrode materials,
and the need for a deeper understanding of the functional impact
of electrode materials on neural stimulation.

The benchtop electrochemical performance of materials such
as smooth platinum iridium (sPtIr), sputtered iridium oxide film
(SIROF), titanium nitride (TiN) and poly(34-ethylene dioxythio-
phene) (PEDOT) have been well characterized [9], [10], [11],
[12], [13], [14]. Efforts to standardize characterization methods
across research labs have begun, with the aim of accurately
supporting the selection of novel materials for novel medical de-
vice applications [15]. Electrodes are commonly characterized
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for impedance using electrochemical impedance spectroscopy
(EIS) and charge injection limits (Qinj) using voltage transients.
These tests are usually done in phosphate buffered saline or a
model of interstitial fluid as an electrolyte.

On-tissue electrochemistry can differ dramatically from
benchtop characterization [10], [16], [17], [18], [19], [20], with
impedance increasing and Qinj decreasing in the case of on
tissue. Design features also impact the ability of a device to
effectively induce action potential generation in nerve fibers in-
cluding electrode geometry which in turn impacts charge density
requirements. Understanding electrochemical performance and
charge delivery requirements for nerve activation is important
to achieving suitable electrode performance in medical devices.
This relationship is currently lacking an agreed understanding,
and the development of an experimental platform to compare
materials on these metrics, following benchtop characterization,
could further strengthen the accurate development of novel
electrode materials.

Here we describe a novel experimental approach to evaluate
on-nerve electrochemical performance in the context of nerve
activation. The electrically-evoked compound action potential
(eCAP) provides a broad view of nerve activation thresholds
and is used in clinical diagnosis and medical device applications
[21]. By directly comparing on-nerve electrochemical perfor-
mance with eCAP thresholds on an electrode-by-electrode basis,
we quantify the therapeutic window and compare well known
electrode materials on this metric, revealing clear differences
among materials.

Rigorous experimental design is useful for informed decision
making in medical device development with regulatory as-
sessment and commercial development reliant on scientifically
sound data. Here we demonstrate the use of several statistical
approaches and the impact they have on this functional electro-
chemistry assay and the interpretation of results. For example,
quantifying risk can be difficult and subjective, therefore re-
search tools that quantify data in terms of statistical probabilities
can be very useful. Such risk-based questions in this context can
be:

1) What is the probability that a given electrode material
will surpass its charge injection limit before it activates
myelinated or unmyelinated nerve fibers?

2) Does this probability depend on charge density factors
related to pulse width or amplitude?

A Bayesian framework [22] provides one possible framework
to directly answer these questions using data collected from
the functional electrochemistry assay. In addition, statistical
methods for handling censored data points and sample size
estimations are also reported to support future experimental
design and aid confident decision making.

II. METHODS

A. Electrode Materials

Table I shows electrode materials tested, manufacturers and
sample sizes. Up to six electrodes were tested on a single nerve
but not all materials were tested on the same nerves. Instead, a
smooth platinum iridium electrode was tested on every nerve as

TABLE I
ELECTRODE MATERIALS TESTED ON EX VIVO NERVE

a control alongside the test electrode and alternating as the first
or last electrode tested. This helped control for variation in nerve
size, eCAP amplitude and time since tissue harvest. CorTec cuff
electrodes were either used off the shelf or coated with PEDOT
(Amplicoat) by Heraeus Medical Components, Germany. Qualia
Labs electrodes were placed inside a custom silicon cuff to
provide equivalent cuff fit to the CorTec electrodes.

B. Ex Vivo Tissue Preparation

This work was conducted in accordance with Animals (Scien-
tific Procedures) Act 1986, Galvani Policy on the Care, Welfare
and Treatment of Animals Policy 040 and approved by the Gal-
vani Bioelectronics Animal Scientific Review Committee and
the GSK Policy on the Care, Welfare and Treatment of Animals.

A detailed protocol for the physiological measures has been
published elsewhere [23] and described in Supplementary Mate-
rials for this manuscript. Sciatic nerves were harvested from 12
adult rats and the mesoneurium was removed at the site of elec-
trode placement. The nerve was transferred to a bath partitioned
into two chambers and maintained at 37 °C. In the nerve stim-
ulation chamber, the proximal end of the nerve was submerged
in refreshed (5 mL/min) 37 °C modified Krebs-Henseleit buffer
(Table S1.) and oxygenated with carbogen. Split-cylinder cuff
electrodes were implanted on the thickest part of the nerve in this
compartment. The eCAP recording compartment was separated
from the buffered Krebs compartment by a silicone grease gap
and filled with mineral oil and Ag/AgCl hook electrodes were
used to record the eCAP.

C. On-Nerve Electrochemistry and Physiology

Each electrode was evaluated on-nerve for both electrochem-
ical performance and nerve fiber activation thresholds. This
allows for a direct comparison of functional electrochemistry
across electrode materials. All electrochemical measurements
were carried out using a monopolar three-electrode setup with
one contact of the implanted cuff as the active electrode, a
2.5 cm × 2.5 cm platinum return electrode (PT000170, Good-
fellow Cambridge Ltd., U.K.) and a 2 × 4 mm EP2 Ag/AgCl
reference electrode (WPI, USA). Stimulations were delivered
using a DS3 Isolated Current Stimulator (Digitimer, U.K.). This
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Fig. 1. (a) Ex vivo electrophysiology setup. (b) An example trace of
an electrically evoked compound action potential highlighting both fast
myelinated and slow unmyelinated responses.

commercially available stimulator was chosen for its fast com-
ponent rise time during the open circuit potential, experimentally
determined to be <10 µs across a 4.8 kOhm resistor at 32 mA
(amplitude resulting in the longest component rise time), and
wide operational range of current delivery of 2 µA–32 mA. This
allows for the same equipment to be used across both low and
high threshold nerve fibers and a wide range of electrode sizes
and materials, to standardize comparisons over time.

D. Compound Action Potential (eCAP) Threshold

For eCAP stimulation (Fig. 1(a)), monophasic pulses were
delivered at pulse widths between 30–3000 µs and between
0.002-32 mA. Stimulation thresholds for myelinated and un-
myelinated fibers were determined in response to monophasic
pulses for direct comparison with charge injection limits. Details
of this procedure are included in Supplementary Materials.

E. Charge Injection Limit

Charge injection limits were determined using negative
monophasic voltage transients resulting from rectangular cur-
rent pulse stimulation delivered between the working electrode
and the large platinum counter electrode using the same DS3
stimulator as above. Baseline polarization was determined prior

to stimulation, referenced to an Ag/AgCl electrode. The max-
imum polarization potential, within the water electrolysis win-
dow, was measured at 12 µs after the offset of the pulse for the
active electrode against the Ag/AgCl reference. A 12 µs time-
point was chosen to ensure the result was not contaminated by
the performance of the stimulator as described in Supplementary
Materials. Given the use of monophasic stimulation, electrode
polarization was allowed to return to the previously determined
baseline prior to subsequent stimulations. Electrode voltage
transients were recorded using a DC coupled RS PRO RSHS 800
Series isolated oscilloscope (RS, U.K.) or a PicoScope 5444D
(Pico Technology, U.K.), connected to a battery powered laptop,
for maximum temporal resolution, averaged 4 times to reduce
noise. Electrode impedance spectroscopy was also characterized
with electrodes on the nerve (Supplementary Materials).

F. Statistical Analysis

Fold change ratios of activation threshold/Qinj were used to
quantify the magnitude and direction of the difference between
these two measures. Where censored data were present, here
values known only to be above a certain value, results were
reported using a tobit truncated maximum likelihood method and
confirmed by a separate imputation approach using estimates
obtained from quadratic regression.

All analyses were performed on a log scale in R [24] using
the packages AER [25] for the tobit regression and MCMCpack
[26] for Bayesian inference with a normal model and flat priors.

III. RESULTS

A. On Nerve Electrode Performance

Impedance spectroscopy was conducted between 0.3–10 kHz
with the electrodes on the nerve to correspond with on-nerve
Qinj measures. Impedance profiles were consistent with expec-
tations for the shape of the curves, with sPtIr showing a steep
increase at lower frequencies and TiN, SIROF and PEDOT with
a more flat, lower impedance profile consistent with increased
capacitance of an equivalent Randles circuit (Fig. 2). TiN and
SIROF electrodes had higher impedances as expected with lower
geometric surface area electrodes (Table I). Electrode materials
also differed in surface area-corrected Qinj with PEDOT show-
ing the highest limit (Fig. 2(d)). All materials showed a pulse
width dependent Qinj with pulse widths between 0.03–3 ms, as
expected [10], with longer pulse widths resulting in higher Qinj.

B. Nerve Fiber Activation

Myelinated and unmyelinated nerve fiber thresholds showed
expected response profiles. For rat sciatic nerve, myelinated
fibers were activated at lower thresholds with mean charge
densities between 1.5 and 44.8 µC/phase/cm2 (Fig. 2(e)). Un-
myelinated fibers showed higher thresholds at mean charge
densities between 22.0 and 698.1 µC/phase/cm2 (Fig. 2(f)).
Thresholds also showed a pulse width dependent effect with
longer pulse widths resulting in higher activation thresholds
for both fiber type. Unmyelinated fiber thresholds showed a
surprising difference depending on electrode material with TiN-
and SIROF-activated nerves showing lower thresholds at all
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Fig. 2. Electrode characterization profiles for the four materials tested.
(a) cuff electrode on ex vivo sciatic nerve representing the cuff form used
for PtIr Smooth (n = 12) and PEDOT (n = 4). (b) Cuff form used for
TiN (n = 3) and SIROF (n = 4). (c) Electrode impedance spectroscopy.
(d) Charge injection limits for different materials at different pulse widths.
(e)–(f) Myelinated and unmyelinated fiber thresholds plotted separately
for each material. Data points at 30 µs pulse width for two PEDOT
and one PtIr preparations in (f) could not be collected due to stimulator
limitations (censored data points). Data plotted as mean ± SD.

pulse widths. Both of these materials were attached to the nerves
using slightly different silicone cuffs (Fig. 2(a), and (b)) and had
different electrode geometries, which may have contributed to
this effect.

C. Material Charge Injection Limit Relative to Nerve
Activation Thresholds

Functional electrochemistry describes the electrochemical
performance of an electrode in the context of its ability to
activate nerve fiber subtypes. The raw data reveals different
functional electrochemistry of materials for activation of high
threshold unmyelinated fibers at levels below the Qinj (Fig. 3).
Representing these data as a ratio of threshold to Qinj enables
quantification of the magnitude of this relationship at each pulse
width.

Clear differences in functional electrochemistry ratios were
observed, depending on nerve fiber subtype, material and pulse

Fig. 3. Individual threshold and charge injection limit curves for all four
materials tested. Within a given material graph, three curves are shown
for each electrode test (•=myelinated threshold, �=unmyelinated
threshold, �=Qinj). Each electrode contained one material type. Some
electrodes were tested in multiple ex vivo nerve preparations.

width. All electrode materials achieved myelinated fiber stimula-
tion threshold without exceeding the electrochemical limit at all
pulse widths tested (Fig. 4). Qinj ranged between 2.2 and 171.1
times higher than the myelinated fiber threshold, depending on
the material and pulse width tested. When a 30 µs pulse width
was applied through the material, PEDOT achieved a Qinj 69.5
times higher than activation thresholds and SIROF, sPtIr and TiN
between 5.9 and 26.0 times higher. When a 300 µs pulse width
was applied, PEDOT achieved a Qinj 171.1 times higher than
myelinated fiber activation thresholds. sPtIr and TiN showed
reduced separation between Qinj and myelinated fiber activation
thresholds at the longest pulse width tested of 3000 µs. Qinj for
TiN was 2.2 times and sPtIr 5.4 times higher than activation
thresholds.

For the rat sciatic nerve, unmyelinated fibers were activated
without exceeding Qinj limit under limited conditions. Qinj

ranged between 6.8 times below the fiber activation threshold
to 6.3 times higher than threshold, depending on material tested
and pulse width (Fig. 4). On average, the sPtIr and TiN tested
never achieved statistically significant activation at levels below
the Qinj. SIROF and PEDOT did activate unmyelinated fibers
at levels below the Qinj for pulse widths of 300–3000 µs. The
effect was largest at 3000 µs pulse width, with SIROF activating
fibers at 5.0 times and PEDOT at 6.3 times below Qinj.

To directly address the question of how likely a given material
is to surpass the Qinj before activating nerve fiber subtypes, a



MIRANDA et al.: FUNCTIONAL ELECTROCHEMISTRY: ON-NERVE ASSESSMENT OF ELECTRODE MATERIALS 63

Fig. 4. Functional electrochemistry comparing charge injection lim-
its relative to myelinated (circles) and unmyelinated (triangles) nerve
fiber activation thresholds for four electrode materials. Values are rep-
resented as ratios of activation threshold/Qinj. Values less than ‘1’
represent conditions where nerve activation occurred within the charge
injection limit of a material at a given pulse width. Error bars represent
95% confidence intervals. Analysis was on a log scale. PtIr Smooth n =
12, PEDOT n = 4, SIROF n = 4, TiN n = 3. Censored datapoints from
Fig. 3 were imputed using quadratic curve predictions after statistical
assumptions were met.

Bayesian model was used. Using this approach, we see clear
differences between materials, placed in a decision-making con-
text. All materials demonstrated a near zero percent chance of
reaching Qinj before activating myelinated nerve fibers at all
pulse widths, except for TiN that showed a less than1% chance
at 3000 µs pulse width (Fig. 5).

For unmyelinated fibers in the rat sciatic nerve, materials
differed greatly for this comparison. sPtIr showed a near 100%
chance of exceeding Qinj before activating nerve fibers whereas
TiN, SIROF and PEDOT all showed a pulse width dependent
decrease in probability of exceeding Qinj with longer pulse
widths showing lower probabilities. TiN probabilities ranged
from 75–95% with 3000 µs demonstrating the lowest. PEDOT
and SIROF performed comparably at 30 µs with probabilities
of 95% and 80% respectively. Conversely, PEDOT and SIROF
demonstrated less than 2% probability of surpassing Qinj before
activating unmyelinated nerve fibers at 1000 and 3000 µs pulse
widths.

IV. DISCUSSION

Materials used to stimulate neuronal tissue such as peripheral
nerves have long been characterized by electrochemical methods
with comparisons between materials reported from benchtop
characterizations [10] and recent efforts made to standardize
biointerface evaluation across research laboratories [15]. Once

Fig. 5. Chance of exceeding Qinj while activating nerve fiber thresh-
olds. Using a Bayesian model, we estimated the probabilities of exceed-
ing Qinj for the four materials and two nerve fiber types. Probabilities
were computed for individual pulse widths and based on values from
the quadratic curve fits. Censored datapoints from Fig. 3 were imputed
using quadratic curve predictions from adjacent pulse widths.

materials are characterized by these standard methods, addi-
tional characterization can deepen the understanding of perfor-
mance while in contact with the intended target tissue. Sev-
eral studies have demonstrated that electrochemical properties
change when a biointerface is in contact with target tissue [17],
[18], [27] with charge injection limit (Qinj) reducing by 17–84%.
In our study, Qinj reductions were evident when using cuff
electrodes placed around the rat sciatic nerve and stimulation ap-
plied. Reductions were of a much smaller magnitude, at around
5% (Fig. S1), when comparing between benchtop electrolyte and
on-nerve ex vivo conditions. The high level of variation among
studies highlights additional factors that influence performance
at the electrode-tissue interface, such as target tissue charac-
teristics. For this reason, it is important to compare material
performance in a rigorous and repeatable experimental platform
to support the discovery of novel electrode materials. Here, we
demonstrate the use of a rat ex vivo sciatic nerve preparation by
testing well known electrode materials and setting a foundation
on which to compare novel materials.

By comparing electrochemical performance directly with
each electrode’s ability to stimulate the target nerve fibers, we
can evaluate material performance in a controlled context of its
intended use and account for some confounding factors. Clear
differences emerged among materials when comparing based
on functional electrochemistry. sPtIr is expected to perform
poorly on Qinj compared to the other three materials and that
was demonstrated in this study. On rat sciatic nerves, unmyeli-
nated fibers could not be activated without surpassing the Qinj

whereas PEDOT and SIROF could do so for some stimula-
tion parameters. TiN showed an intermediate performance with
Qinj and stimulation thresholds statistically indistinguishable
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for some parameters. This intermediate performance of TiN
is consistent with benchtop characterization [13]. Electrode
geometry and geometric surface area also contribute to nerve
fiber activation [28] and Qinj [29] which were not ideally
controlled for in this study. However, large differences were
detected between electrodes of the same geometry (TiN vs.
SIROF) demonstrating that these factors were not dominant
in determining performance in this study. When using this
experimental approach, studies should aim to use the same
geometry for all electrodes, where possible, to eliminate this
potential source of variation when comparing materials. Al-
ternatively, this approach could be used to determine an opti-
mal geometry in the context of the on-nerve electrochemical
performance of a given material by experimentally varying
geometry.

All electrode materials showed a pulse width-dependent per-
formance in terms of charge density for both nerve fiber ac-
tivation thresholds and charge injection limits. This result is
consistent with benchtop characterizations of various materials
[10], [19]. Shorter pulse widths resulted in lower myelinated
and unmyelinated nerve fiber activation thresholds as well as
lower Qinj. Regardless of pulse width, all materials activated
myelinated fibers below charge injection limits. This is not
surprising, as myelinated fibers are low threshold, with stimu-
lation applications targeting neuromuscular and somatosensory
needs. The relationship between thresholds and Qinj was non-
linear, revealing a pulse width-dependent impact on the ability
of materials to activate unmyelinated fibers below the charge
injection limit. None of the materials were able to achieve
this at pulse widths below 300µs. SIROF and PEDOT acti-
vated unmyelinated fibers below their respective Qinj at pulse
widths >= 300 µs.

The experimental platform reported here can be used in
early-stage research to compare novel materials with those
more commonly used such as sPtIr. It can also be extended to
characterize nerve fiber activation at levels above threshold, up to
maximum fiber recruitment. Ultimately, performance in medical
devices will depend on the target tissue characteristics and the
form factor of the device used to interface with target nerves,
resulting in non-linear activation profiles above threshold. For
example, the difference in activation profiles can be profound
between nerves with mixed fiber diameters, such as the sciatic
or vagus nerve [30] and those with homogenous fibers, such as
the sympathetic splenic nerve [5]. The same applies for nerve
bundles integrated into fatty, musculoskeletal or vascular tissues
or organized in a nerve plexus [31], [32]. Furthermore, chronic
in vivo implantation impacts electrochemistry depending on
fibrotic response and the target tissue [33], [34]. For these
reasons, the relationship between activation profiles and Qinj for
a given material may be different under different use cases and
should be considered separately from this initial rodent nerve
screening process.

Together with a rigorous study design and analysis, results
from the functional electrochemistry experimental approach can
be used to determine quickly, cheaply, and efficiently what
electrode materials should be appropriate for specific medical
applications. In support of a wider decision-making framework,

applying a Bayesian statistical approach to evaluate functional
electrochemistry provides a value of the probability for success
to be incorporated with other factors such as manufacturability,
cost, and durability for the development of medical devices.
By establishing similar platforms for a wide range of use cases
across labs developing technologies for deep brain, retinal and
diffuse nerve plexus stimulation, the field will benefit from a
deeper understanding of the factors impacting electrode perfor-
mance during different types of tissue stimulation.

Supplementary Materials: Supplementary Materials provides
details on the experimental setup and electrochemistry methods.
Additional results are presented for on benchtop vs. on-nerve
Qinj, electrode impedance spectroscopy, and statistical consid-
erations for rigorous experimental design.
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