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Abstract

Objective. We derive and demonstrate how residual voltage (RV) from a biphasic electrical
stimulation pulse can be used to recognize degradation at the electrode-tissue interface. Approach.
Using a first order model of the electrode-tissue interface and a rectangular biphasic stimulation
current waveform, we derive the equations for RV as well as RV growth over several stimulation
pulses. To demonstrate the use of RV for damage detection, we simulate accelerated damage on
sputtered iridium oxide film (SIROF) electrodes using potential cycling. RV measurements of the
degraded electrodes are compared against standard characterization methods of cyclic
voltammetry and electrochemical impedance spectroscopy. Main results. Our theoretical
discussion illustrates how an intrinsic RV arises even from perfectly balanced biphasic pulses due
to leakage via the charge-transfer resistance. Preliminary data in in-vivo rat experiments follow the
derived model of RV growth, thereby validating our hypothesis that RV is a characteristic of the
electrode-tissue interface. RV can therefore be utilized for detecting damage at the electrode. Our
experimental results for damage detection show that delamination of SIROF electrodes causes a
reduction in charge storage capacity, which in turn reflects a measurable increase in RV.
Significance. Chronically implanted electrical stimulation systems with multi-electrode arrays have
been the focus of physiological engineering research for the last decade. Changes in RV over time
can be a quick and effective method to identify and disconnect faulty electrodes in large arrays.
Timely diagnoses of electrode status can ensure optimal long term operation, and prevent further
damage to the tissue near these electrodes.

1. Motivation subsequent remodeling of neural tissue, thereby

reducing electrode performance [1]. In 2013, Barrese

High-density microelectrode arrays are becoming
the norm for neuromodulation devices, in applic-
ations such as retinal implants and cortical stimu-
lators. When microelectrode arrays are chronically
implanted in tissue for stimulation, a multitude of
mechanisms can affect their performance. Animal
tissue environments are responsive to the presence
of a foreign entity, often causing lesions due to
implantation of the device, leading to loss and

et al analyzed long term failure modes of intracor-
tical microelectrode arrays on 27 non-human prim-
ates for a period of five years [2]. It was found that
56% of microelectrode failures occurred within a year
of implantation. An early increase in impedance, fol-
lowed by a slow decline due to failure of insulat-
ing material was also observed. While the stimulation
electrode may be effective over acute time periods,
the prolonged use of chronically implanted electrodes
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often exhibit unwanted responses. Some of the mech-
anisms that contribute to electrode-tissue interface
damage on prolonged use include:

e achange in the electrochemical impedance due to a
barrier following encapsulation of fibrous growth,

e movement of electrodes from the implantation site,

e mechanical breakage (or delamination) of the
electrode,

o effects of neural plasticity around the electrode [3],

e changes in the stimulation electrode characteristics
due to electrode dissolution [4].

Because the number of electrodes in multi-
electrode arrays can be of the order of 1000 or
higher, the problem of identifying functional elec-
trode sites from degraded ones becomes warranted
and challenging. Although an understanding of elec-
trode geometry and material as well as stimulus input
is required to ensure safe stimulation, they are not suf-
ficient to predict electrode or tissue damage. A review
published by Cogan et al in 2016 [5], suggests that the
performance of stimulation microelectrodes do not
necessarily adhere to the existing norms of stimula-
tion parameters, namely charge per phase and charge
density, as suggested in the Shannon equation [6]. It
is advantageous to analyze each damaged/degraded
electrode individually through standard electrochem-
ical methods, however, these processes do not scale
well because (a) they are time consuming and (b) they
involve sizeable instrumentation. If we can diagnose
the problem early by measuring residual voltage (RV)
during stimulation, then we can disconnect any sub-
standard electrode before unpredictable, possibly det-
rimental changes can occur at the electrode-tissue
interface. The research presented in this paper estab-
lishes the concept, applicability and evidence of meas-
uring RV after a biphasic stimulus, as a way of detect-
ing any changes to the electrode/electrolyte (tissue)
interface in a chronic stimulation implanted elec-
trode. We first present a background, derivation and
definition of RV in biphasic electrical stimulation
in section 2 and a technical discussion of why it is
advantageous to use this method of stimulation and
RV measurement for damage detection in section 3.
The remainder of the paper outlines rigorous experi-
mental evidence, both in vitro and in vivo. We present
results of RV growth over time in the absence of good
charge balancing methods, creating unsafe operating
points for stimulation and also conclude that a drastic
increase in RV corresponds to reduction in charge
storage capacity of stimulation electrodes.

2. Residual voltage in biphasic current
stimulation

Electrical stimulation for neural prosthesis devices is
typically performed using biphasic pulses. Balanced
biphasic waveforms were first introduced as a safe
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method of stimulation by Lilly et al in 1955 [7].
Artificial triggering of an action potential can be
achieved by voltage stimulation, current stimula-
tion, and more recently switched capacitor stim-
ulation [8] and high frequency current-switching
stimulation [9]. For stimulation electrode materials
that involve Faradaic reactions, a charge balanced
waveform ensures that electrochemical reactions that
occur in the first phase, are reversed in the second
phase, ensuring a net zero injection of charge into
tissue for safety. While voltage stimulation is more
power efficient [ 10], we cannot control the amount of
charge that is being delivered into the tissue because
the load draws as much current as it requires. The
electrode—electrolyte/tissue interface is not a constant
or deterministic load, therefore voltage stimulation is
not a safe option in dynamic electrode-tissue envir-
onments. Therefore, biphasic current stimulation has
become the de facto standard because charge delivery
can be controlled more efficiently for loads where the
impedance varies over time.

2.1. Biphasic current stimulation

Biphasic current stimulation waveforms are elec-
tric current stimulus signals, typically rectangu-
lar waveforms, that consist of a stimulation phase,
an interphase delay, followed by a recovery phase
(figure 1(a)). The stimulation phase is the phase that
elicits the action potential in the neuronal cell. The
recovery phase is used to neutralize the charge sent
in the first phase. The stimulation phase of biphasic
waveforms is usually cathodic because it is more effi-
cient in eliciting an action potential from an excit-
able cell [11]. The recovery phase is the anodic phase,
used to electrically neutralize the charge injected by
the cathodic phase, after the generation of the action
potential. The interphase delay is a period with zero
stimulation between the stimulation and recovery
phase. The interphase delay is believed to allow the
action potential to propagate before charge recovery,
although there is ongoing research to study the effects
of interphase delay on stimulation [12, 13]. If the total
charge injected in the stimulation phase equals the
total charge in the recovery phase, i.e. |Q.] =|Qal
then the stimulation is said to balanced. The mis-
match in charge between the cathodic and anodic
phases in a biphasic stimulation pulse is termed as
the biphasic mismatch error. The magnitude and dur-
ation of the current pulse depends on the physiology
of the target tissue and the application [14]. A generic
current-based, cathodic-first, square, biphasic stimu-
lation waveform is shown in figure 1(a).

Normal experimental conditions in this work
are based on safe stimulation of target retinal gan-
glion cells through a 400 um diameter sputtered
iridium oxide film (SIROF) electrode [10]. These
cells respond to a maximum stimulation current
of 100 pA, with initial pulse widths of 1 ms with
an interphase delay of 100 us. Residual voltage in

2



J. Neural Eng. 18 (2021) 0460c1

A Krishnan et al

-

T = Cq X Rg.

,‘(';) stim
Interphase Recovery Phase
Delay T
d
Iﬂ \-\4 T
(—‘r:p Q — I X T
a a a /
1]
1 & 5
—_— T 3 7 a
LQr - Ir X rr
-1, _
=" —
Stimulation Phase

(a) Current-based Biphasic Stimulation Waveform

Cal
_I |_
R
A T
Rct
=

(b) First order model of electrode
tissue interface

Figure 1. (a) Biphasic current stimulation waveform: Biphasic waveforms are said to be balanced when |Q.| = |Qq|. In this work,
the stimulation phase is assumed to be cathodic (negative) and the recovery phase is anodic (positive). T¢, T; and T, are cathodic,
interphase and anodic pulse widths. Stimulation time period is given by Tim. Absolute time is denoted by t, t;, t,. The magnitude
of cathodic current is expressed as I, and anodic current by I, (b) First order electrode-tissue interface model: Ry is the solution
resistance, R is the charge-transfer resistance and Cy is the double-layer capacitance. The relaxation time constant is

biphasic current stimulation can be observed after a
biphasic current pulse passes though an electrode—
electrolyte interface. For the theoretical discussions
in this work, we assume the first order model of the
electrode—electrolye (tissue) interface [15], shown in
figure 1(b), is being driven by biphasic current pulses.
The notations used in this paper are described under
figure 1.

2.2. Origin of residual voltage

RV is an accumulation of charge that manifests as
a voltage when biphasic current pulses are applied
across an electrode—electrolyte interface. Consider
the biphasic current stimulation pulse (figure 1(a)),
applied across the electrode—electrolyte model shown
in figure 1(b). For a balanced biphasic current pulse
(figure 2), the cathodic phase of the biphasic cur-
rent pulse negatively charges the double-layer capa-
citance, Cq), and the balanced anodic phase discharges
the capacitor. Observe from figure 2, that the double
layer capacitance is nearly always negatively charged
(because the stimulation pulse is cathodic-first). Con-
sequently, in the presence of the charge-transfer res-
istance, Ry, there is a unidirectional leakage across Ry
for most of the duration of the stimulation pulse, even
if the phases of the stimulation pulse are perfectly bal-
anced [16]. Therefore, there will be a non-zero RV
present at the end of the pulse even with balanced
biphasic pulses if R is included in the model.

For the notations described in figure 1(a), the RV
at the end of the anodic pulse width, in terms of the
biphasic stimulation pulse-widths is:

Vc(ta+) _ _ICRct[e—(Tz-i'Ta)/T _ e_(Tc+Ti+Ta)/T]

+ ILRy[1 — e~ (T)/7], (1)

In particular, for a balanced biphasic waveform,
if |I.|=|L|=Tand T.=T,=T, (1) reduces to an
expression that has a non-zero value at the end of the
anodic pulse as shown in (2), which implies that there
exists an intrinsic RV,

Vc(tu+)intr = IRct [1 - e_(TH_T)/T + e_(2T+Ti)/T
_e—(T)/T} _ )

While this is a first order model of the electrode—
electrolyte interface, it allows us to understand the
characteristics of the RV, with respect to the electrode
model parameters. The expression for RV in biphasic
current stimulation for a first-order model shown in
(1) is the voltage that appears at the end of the first
pulse. In practice, several stimulation pulses are con-
tinuously applied, the following section describes the
development of the model equation for RV growth.

2.3. RV growth

In the absence of charge control methods, the RV
will grow over time, as can be extrapolated from the
charging of the capacitor in figure 1(b). The time
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Figure 2. Schematic representation of RV arising from balanced biphasic stimulation. The dashed line shows the voltage across
Cqi if Ret was not present in the model (there would be no leakage). Balanced biphasic pulses have zero biphasic mismatch, i.e.
Qc = Qq, and unidirectional leakage across R occurs even with zero biphasic mismatch.
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required for the double-layer capacitance to com-
pletely discharge is theoretically infinite, the time
constant of discharge via the charge transfer resist-
ance is 7 = R X Cy), called the relaxation time con-
stant [17]. If the frequency of the stimulation pulse is
low, then there is negligible net RV growth. Without
charge balancing, the stimulation electrode will oper-
ate at different bias voltages, higher bias voltages
being potentially harmful. Therefore, it is of interest
to theoretically understand the model of RV growth
in a stimulation electrode over several stimulation
pulses.

As a more general case, the RV including the
effects of the intrinsic leakage, as well as biphasic
mismatch at the end of the anodic pulse of the first
biphasic waveform, RV, is shown in (1). This voltage
discharges for the time after the anodic pulse, until the
next biphasic stimulation pulse,

Tstim — t,
RVy =RV, .exp <—St“> . (3)

T

If we follow through the differential equation (3)
assuming the same input waveform for the next
biphasic stimulation pulse, we get the discharged RV
to be,

— Tstim

RV] = RVO +RVO€ T (4)

By recursively applying (4) for subsequent stimu-
lation pulses, with the same input biphasic stimula-
tion pulse, we get

—Tstim —2Tstim —Tgtim

RV, =RV, [1+e e }
(5)

The value of the stimulation time period, Tsm,
is typically 10 ms and the relaxation time constant,

7, of a stimulation electrode can be of the order of
20 ms or higher [10]. Therefore, (5) can be solved
as a sum of a geometric series, where the common
factor is exp( =L ), which under practical values will

beless than 1. The sum of n terms for such a series will
converge to,

1-— —T n—l
RV, = RV, L @R T/ D)
1 —exp(—Tim/7T)
which as n — oco,converges to,
. 1
RVsat = lim RVn :RV() Tt (7)
n—o0o 1 — eXp ( ;nm)

From (7), we observe that the RV saturates, and that
the saturated RV depends on the stimulation fre-
quency and the relaxation time constant. One con-
sequence of a saturated RV is that it dynamically
changes the operating point of the stimulation elec-
trode. The RV growth saturation in (7) combines con-
tribution from charge mismatch in the two phases,
as well as leakage via the charge-transfer resistance.
However, it should be noted that charge mismatch is
a systematic error that arises due to electronic ineffi-
ciencies, and can be characterized or calibrated prior
to stimulation. Any changes to the structure of the
electrode itself will be reflected in the charge-transfer
resistance, which in turn is captured by deviations
from the initial RV measurement. Having developed
first-order theoretical models for RV and the extent of
its growth, we outline in section 3 the reasons which
make the measurement of RV after biphasic stimula-
tion an efficient, ad-hoc method to monitor electrode
damage in high density stimulation arrays.
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3. Why use RV for damage detection?

There are several advantages to using RV as an early
indicator of electrode damage: firstly, the RV is one
of the most accessible measurements that is a func-
tion of R and Cg;. The reason it is easily accessible is
because it does not require additional electrodes, only
a simple sampling at a non-critical period of the stim-
ulation waveform i.e. it does not require an interrup-
tion during stimulation. Secondly, the measurement
is performed after the stimulation pulse. Because the
stimulation frequency of most applications is of the
order of 100 Hz, state of the art microelectronics can
acquire fairly accurate samples at frequencies that are
greater by at least two orders of magnitude. Thirdly,
the dynamic range for detection of RV is smaller
than that required for measuring the entire stimula-
tion waveform. RV values after a biphasic stimulation
pulse range in the order of a few millivolts, as opposed
to solution resistance (R,) measurements, which can
be in the order of volts. This makes it easier to develop
low-power hardware circuits for the measurements.
One of the more popular and established mechan-
ism for guaranteeing safety in an electrode is to short-
circuit the electrode immediately after stimulation.
The shorting mechanism uses a switch to bypass any
residual charge in the form of current away from the
electrode after the stimulation is complete. When the
shorting switch is active, the voltage on the electrode
will be clamped at zero, to keep it at a safe level.The
elegance of the shorting method lies in its simplicity,
because the electronic switch is one of the most inex-
pensive pieces of hardware that could be added to a
circuit. However, the method is brute-force, and it
nulls a voltage measurement that may give us a clue
about the health of the interface. To combat this, our
work in this paper suggests that one can sample the
RV and then short the electrode. There are other ways
of charge balancing [18] to ensure zero RV including
using DC block capacitors and long term offset regu-
lation [19]. However, using these methods may pre-
vent us from obtaining real time information about
early damage in implanted electrodes. Cogan et al
suggest an alternative method of measuring the elec-
trode voltage during the interphase pulse as a dir-
ect measure of the voltage across the double layer
capacitance [20]. While a measure of a charged Cy is
very beneficial, the order of biphasic interphase pulse
widths is around 100 ps and the voltage across the
capacitance may be 0.5V, depending on the size and
material of the electrode. These constraints make the
design of electrode measurement circuits less scal-
able and energy inefficient. In an in vitro tissue study
performed by Merrill and Tresco [3], it was found
that the variation of electrode impedance with dif-
ferent biological cell cultures in vitro increased 20%—
80% from the measured value before contact with the
cultures, which is a broad range. RV measurements
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provide an indication of whether the stimulation cir-
cuit ‘sees’ the same load circuit as it was designed for.
If there is any change, the stimulation system can be
designed to shut down or adapt to a different config-
uration.

In this work, we demonstrate methods of
RV measurement before and after degradation of
Sputtered Iridium Oxide Film (SIROF) electrodes in
phosphate buffered saline (PBS). The following steps
were used to validate the measurement of RV from
biphasic stimulation as a method to detect evidences
of change at the electrode—electrolyte (tissue) inter-
face.

(a) Characterization of electrodes using cyclic
voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) before break-in

(b) Break-in of SIROF electrodes®, followed by
re-characterization

(c) Measurement of RV using a biphasic current
stimulator with known mismatch

(d) Characterization of electrodes using CV and EIS
and RV

(e) Comparison of characterization data with RV
measurements with CV and EIS measurements

This procedure was followed both in prelim-
inary in vivo experiments in rats, as well as in
a simulated systematic process to mimic degrada-
tion, so that RV can be studied in more samples.
Section 4 describes the setup and characterization
methods used in this work. Section 5 illustrates
preliminary in vivo experimental evidence of RV
growth. We corroborate our RV measurement data
with CV and EIS. Our results in section 7 show
that delaminated electrodes exhibited an increase in
measured RV after biphasic electrical stimulation
[21].

4, Characterization methods

The electrochemical setup used in this work (figure 3)
comprised the SIROF working electrode in an array
of 15 electrodes (figure 3(a)) and a coiled plat-
inum (Pt) counter electrode in 1X phosphate buffered
saline (PBS) solution. PBS is an isotonic buffer solu-
tion used in biological research because the osmol-
arity, pH and ion concentrations match those of the
human body. A three electrode setup was used for
cyclic voltammertry (CV) and electrode impedance
spectroscopy (EIS) experiments performed using
PGSTAT302N potentiostat (Metrohm Autolab, The
Netherlands), with an Ag/AgCl reference electrode
(Basi Inc. MF2052) to characterize the electrode array
(figure 3(b)). The area of each SIROF (working)

6 A commonly accepted process of activation for sputtered iridium
oxide film (SIROF) electrodes prior to regular use.
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Figure 4. Schematic cross section of a SIROF electrode, which has a diameter of 400 psm. The gold contact pads have an edge of
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electrode is approximately 2000x smaller than the
platinum counter electrode used in the setup, there-
fore, charge accumulation at the counter electrode is
assumed to be negligible when compared to the work-
ing electrode. Therefore, practical electrical stimula-
tion and subsequently, RV measurements, employ a
two electrode (figure 3(c)) setup.

4.1. Electrode material
Faradaic materials such as SIROF electrodes were
developed to achieve higher charge injection capacit-
ies [23]. The SIROF electrodes used in this work were
developed by Shire et al at Cornell University as part
of the Boston Retinal Implant Project. The details of
the fabrication process of the electrodes are described
in [22]. A schematic cross section of the sputtered
iridium film electrodes used in this work is shown in
figure 4.

The polyimide based electrode array, containing
15 electrode sites, was first lifted-off from its silicon
substrate. Once removed, the array was adhered to
a circuit breakout board using cellophane tape, such
that the contacts on the array aligned with the con-
tacts on the board. In order to hold the electrode in
place with respect to the circuit board, a 3D printed
clamp was used to press the electrode against the cir-
cuit board. The clamp was sealed in silicone to pre-
vent seepage of saline through capillary effect under
the electrode, which can cause shorting of electrode
pads.

Table 1. Typical CV and EIS parameters for electrochemical
characterization.

CV parameter Value
Scan rate 0.1Vs™!
Lower potential limit (V1) —0.6 V
Upper potential limit (Vi) +0.8V

# Zero crossings 6

EIS parameter Value
Sinusoidal input 10 mVgrums
Lower frequency limit 0.1 Hz
Upper frequency limit 100 kHz
# Frequency values 50

4.2. Preparation & break-in SIROF electrode array
The electrodes are characterized prior to first
use using CV and EIS with a three-electrode
measurement setup. The parameters used for typ-
ical CV and EIS characterizations are described in
table 1.

After initial characterization, the electrodes were
subject to potential cycling (repeated CV cycles) to
activate the iridium oxide film. Activation by means
of repeated CV measurements causes the initial layer
of iridium oxide to become extended as a thicker,
hydrated oxide [24]. The CV cycles were performed
at a scan rate of 0.1 V s™!, between the limits of
—0.6V/4-0.8V [23] for 14 min. For these experiments,
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the number of zero-crossings was adjusted to set
the duration of the CV cycling. Of the 15 electrodes
present in the electrode array, 13 electrodes were pre-
pared for use and characterized using CV and EIS
(figure 3(a)).

4.3. Biphasic stimulation responses

To study the effects of RV across the electrode—
electrolyte interface, a programmable stimulator was
designed and developed in our lab. The biphasic cur-
rent stimulator with active feedback (BiCAF) board
is a programmable, controllable high impedance
biphasic current source (figure 5) with provision to
implement active feedback algorithms in neural stim-
ulation systems. The components of the board can
be modified to suit different magnitudes of current.
The RV measurement is sampled using the LF398
integrated circuit, which is a sample and hold integ-
rated circuit with an input impedance of 10'°Q. The
sampled voltage is sent to the analog-to-digital con-
verter present in the Arduino Micro. The Arduino
Micro is an open-source, cross-platform microcon-
troller (ATmega32u4) board, controls the functional-
ity of the system and interfaces with the PC via a serial
USB protocol. The stimulation system parameters can
be adjusted via a Python-based graphic user interface.
The default stimulation parameter values that were
used for experimentation are shown in table 2.

All the electrodes were driven by closely balanced
biphasic pulses at 100 Hz generated by the BiCAF sys-
tem. Transient responses for one pulse were measured
with a 10 M2, 14pF probe on a DSO7012B oscillo-
scope (Keysight, CA, USA) with a minimum sampling
rate of 20kS/s, the data was smoothed in MATLAB
(Mathworks, MA, USA) using a moving average filter.

4.4. Data from characterization measurements
4.4.1. Cathodal charge storage capacity

The charge capacity of an electrode is used as a
measure of the maximum charge that can be injected
into the electrolyte through the electrode [23]. The
cathodal charge capacity was obtained by numerically

Table 2. BiCAF performance parameters.

System block Parameter Value

Power supply Dual power supply >+£10V
Min. voltage 25V
compliance

Current source Current DAC 8 bit
resolution
Pulse rise/fall time 10 ps
Pulsewidth resolution 1 s
Max. current +100 pA
amplitude
Biphasic charge 1.5%
mismatch

Microcontroller Clock frequency 16 MHz
ADC conversion time < 250 pus
ADC resolution 10 bit
Min. voltage meas- ImV

urement resolution

integrating the current under the negative half of the
CV curve, and dividing it by the area of the electrode.
The units of cathodal charge capacity are reported as
coulombs per square centimeter (C cm™2).

4.4.2. Impedance
The magnitude and phase of EIS plots were recor-
ded for all the electrodes. The low frequency imped-
ance on the magnitude plot provides a lower bound of
(Rs + Ry) values. The high frequency impedance is a
measure of the solution resistance, R;. In this work we
have assumed a simplified electrode—electrolyte (tis-
sue) model (figure 1(b)) to illustrate the existence and
application of RV in biphasic stimulation. While a
detailed description and extraction of the impedance
parameters is beyond the scope of this work, we have
provided complete impedance plots to illustrate the
deviation of impedance and RV when subject to the
simulated electrode degradation protocol.

Using the methods outlined above, we performed
acute, preliminary in vivo experiments in rats to
see if RV growth followed the model we derived in
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Figure 6. (a) Schematic of epidural and subdural SIROF electrode mounting in SD rat (b). Epidural placement is above the dura,
while sub-dural is under the dura. Photograph of the electrode array mounted on a Sprague-Dawley rat. The location was chosen

(b) Photograph of in-vivo Setup

section 2, and understand what effects uncontrolled
RV growth can have at the electrode—tissue interface.

5. Evidence of RV in experiments in vivo

Experiments performed in physiological PBS allow
us to mimic passive chemical environments and
the dielectric properties of biological interfaces.
To develop effective dynamic neural stimulators, it
is imperative to observe the active nature of the
electrode-tissue interface. There has been no evidence
in prior work showing how high the RV growth can be
in vivo tissue. We present the results of a preliminary
experiment on RV growth in the brain tissue of a live
anesthetized rat. The purpose of the experiment was
to observe the how high the RV can go to in neural tis-
sue and observe the effects of RV in vivo. We observed
the incidence and growth of RV, and characterized the
electrode-tissue interface in vivo.

All the experimental and surgical procedures were
approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Pittsburgh,
and were in compliance with the US Public Health
Service policy on the human care and use of labor-
atory animals. We used one Sprague-Dawley rat,
which was anesthetized for the duration of the exper-
iment. A craniotomy was performed to expose the
dura-mater. The SIROF electrode array (figure 3(a))
was mounted in two locations, epidural and subdural
(figure 6(a)). The electrode was placed near the visual
cortex. A platinum counter electrode was placed near
the working electrode. To prevent the tissue from dry-
ing, the environment is flushed with saline solution.
A photograph of the experimental setup is shown
in figure 6(b). The stimulation parameters used for
these experiments are the same as those specified in
table 3.

The electrode-tissue interface characteristics were
measured using CV and EIS using the Metrohm
Autolab equipment before and after prolonged expos-
ure to RV at the epidural and subdural electrode loc-
ations. RV growth was observed in saline solution
for approximately 60 min, in the epi-dural location
for 35 min and in the sub-dural location for 15 min.
The RV growth curves for the epi-dural, sub-dural

Table 3. Stimulation parameter values.

Parameter Symbol Typical value
Stimulation Fstim = 1/ Tstim 100 Hz
frequency

Cathodic pulse T. 1000 ps
width

Anodic pulse width T, 1000 p1s
Interphase delay T; 100 ps
Cathodic current 1. 100 pA
amplitude

Anodic current I, 100 A
amplitude

and saline cases are shown in figure 7(c). A signi-
ficant result from this work is the evidence that the
RV can grow beyond the water window limits (for
SIROF electrodes). The RV growth model derived in
section 2.3 appears to be valid in the case of in-vivo
tissue.

The electrode-tissue interface was characterized
using CV and EIS before and after exposure to
the RV growth, for both the epi-dural (35 min)
and the sub-dural locations (15 min), shown in
figures 8, 9(a) and (b).

5.1. Discussion

The in vivo experiments performed as part of this
work give a very practical idea of the nature of RV
and whether we need to be concerned about its exist-
ence and growth in real animal tissue. The RV growth
curves between cases in vivo and in vitro along with a
model fit done using the Curve Fitting Tool in MAT-
LAB is shown in figure 7(c).

The time constant shown in the plot refers to the
relaxation time constant, and the RV growth equation
used for the model fit is based on (7). There are three
main observations from the plot: (a) the relaxation
time constant is higher for the in-vivo cases and (b)
the final value of the voltage is higher in the in vivo
cases and (c) the final value is higher than the water
window limits for the SIROF electrode. The increase
in time constant and steady-state voltage is explained
by an increase in either the double-layer capacitance
(Car) or the charge-transfer resistance (R), or both.
Observe from (2) that the voltage at the end of the
anodic pulse of a biphasic stimulation pulse contains

8



J. Neural Eng. 18 (2021) 0460c1

A Krishnan et al

(a) Epi-dural RV Growth (35 mins) (€} Comparison of RV Growth: saline va. tissue
1200 r

(mV}
%

SIROF Warer Whndow

Valuge

[ 1 20 50 E
Time (min) g

() Sub-dural RV Growth (15 mins) = .
1200 o 0

1 e
i =

& s /7
2w / 0 Model Equation: a*[1-¢™" "
: 7 =5 min
g | /s o
E aml o T =4 min
= 7 sub

200 1f T min

' 6 & 10 12 14 1t (L]

Time (min| “Time (min)

Figure 7. RV growth curves in vivo: (a) RV growth in the epi-dural location, recorded for 35 min (b) RV growth in the sub-dural
location, recorded for 15 min (c) comparison of in-vivo tissue RV growth with in vitro saline RV growth. The RV growth crosses
the water window limits in vivo tissue, resulting in a potentially unsafe environment for chronic stimulation. RV growth in vivo
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the parameters R and Cgj, which captures informa-
tion about the electrode—electrolyte interface, and not
just the biphasic mismatch error between anodic and
cathodic pulses. This preliminary in vivo experiment,
validated by a first—order model equations show that
monitoring of RV can provide early information
about the status of a stimulation electrode in tissue.
We proceed to elaborate on the relevance of using RV
to examine the state of the electrode—tissue interface
during stimulation.

6. Simulated degradation

6.1. Electrode degradation protocol

The main objective of this paper is the idea that
one can use RV from biphasic current stimula-
tion, as an ad-hoc indicator of changes at the
electrode—electrolyte interface. The basis of using RV
measurements and subsequent applications are out-
lined in section 3. From the standpoint of high—
density stimulation electrode systems, if there is any

indication of damage at any one of the electrode inter-
faces, a timely RV measurement can ensure that the
damaged channel can be disconnected to avoid fur-
ther problems.

In order to validate the usefulness of measur-
ing the RV, the approach followed in this work
is to systematically and repeatably degrade stim-
ulation electrodes and measure the RV. There is
empirical evidence that exposing SIROF electrodes
above the electrochemical water window limits of
—0.6 V/+0.8 V, causes damage to the film [23].
We have shown in section 5 that these limits
can indeed be reached if RV growth is not con-
trolled. Using the water window limits as a premise
to trigger degradation, the electrodes were subject to
CV cycling at limits that are above —0.6V/+4-0.8V, each
for a duration of 1 h, in 1X PBS. The values of zero
crossings in table 4 are adjusted to make sure all
the electrodes are exposed to the saline under each
condition for the same duration of 1 h. The dura-
tion was empirically chosen to ensure that different
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Table 4. Degradation protocol using CV.

Deviation from water

Degradation protocol Electrodes # Vi Vu # Zero crossings window (WW)

1 5,10,15 —04V +0.6 V 360 Within WW

11 3,4,6 —0.6V +0.8V 257 AtWW

11 7,8,9 —12V 414V 200 Above WW by [0.6V]
v 12,13,14 —1.6V +1.8V 105 AboveWWby|1V|
\% 11 —18V 420V 100 Above WW by |1.2V]

Degradation protocol using CV, by using the potential limits for the CV measurement above water window limits for SIROF [23].
The electrode numbers are based on the numbers marked in figure 3(a). Vi and V7, are the set upper and lower limits of the CV cycle.

levels of degradation were incited on the electrode by
the different CV potential limits. The electrodes were
characterized and imaged before and after the degrad-
ation. A total of 13 electrodes were degraded, with 3
electrodes for each of the 4 experimental conditions.
To illustrate an extreme case of damage, one electrode
was exposed to a very high potential limit window.
The experimental details for the degradation protocol
are described in table 4. Each electrode was degraded
at regular chronological intervals, for instance, each
nominal case potential cycling was performed every
3 h. The reason for such periodic scheduling was to
include the effect of the electrode exposure to saline
for long durations.

6.1.1. Note on degradation protocol

We have seen from preliminary experiments done in
vivo in section 5, that in the absence or failure of
charge balancing mechanisms, RV can grow to exceed
water window levels, which can lead to electrode
damage. A degradation protocol was designed to
introduce some damage to the electrode—electrolyte
interface. While the protocol does not aim to charac-
terize the exact mechanisms that lead to degradation
in typical stimulation scenarios, it accelerates voltage
damage at the electrode—electrolyte interface. Using
CV we were able to systematically repeat the same
degradation profile for several electrodes, at different
levels, and induce damage within a short time. The

10
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types of damage that were observed were cracking of
the electrode surface, corrosion and delamination. It
must also be noted that the experiments performed
in this paper to validate the usefulness of RV were
demonstrated with a single type of electrode, i.e.
SIROF, other electrodes may exhibit different mech-
anisms of damage. The results and images described
in section 7.3 will elucidate the different types of dam-
age achieved through the use of the protocol, and
discuss how RV can be used to detect some of these
changes.

6.2. Imaging

Preliminary optical imaging of the electrodes to
view the systematic degradation was done using
the ScopeTek MD560 Digital Microscope. To study
the nature of degradation, the electrodes were
imaged using an environmental scanning electron
microscope (eSEM). An eSEM allows the collection of
electron micrographs of specimens that are uncoated
(non-conducting), by allowing a relatively high pres-
sure in the specimen chamber. The eSEM model used
was the Quanta 200 (FEI, OR, USA).

7. Results and discussion

For the 13 electrodes that were subject to the degrada-
tion protocol described in table 4, biphasic responses
were obtained for all electrodes before and after
applying the protocol. All the electrodes (three elec-
trodes per degradation category) were also character-
ized by CV and EIS, before and after the application
of the degradation protocol.

7.1. Pre-degradation characterization

Stimulation electrodes are typically characterized
by their cathodal charge storage capacity. Cathodal
charge storage capacity is calculated by numerically
integrating the area enclosed by the negative Y-axis
curve of a CV plot. CV plots consist of multiple zero-
crossings, as shown in figure 10(a). In this work,
a total of six zero-crossings were used for a typ-
ical characterization, which implies there are three
complete CV scans. While the first scan was omit-
ted because the response is in a non-steady state,

to calculate the charge storage capacity, the second
and third scans were averaged (figure 10(b)) and the
cathodal charge storage capacity was obtained from
figure 10(c). Henceforth, all CV plots reported in this
paper are averaged CV plots. The break-in proced-
ure for SIROF electrodes (described in section 4.2)
involves potential cycling the electrode between the
water window limits. This process increases the real
surface area of the SIROF material, thereby increasing
the charge storage capacity. The averaged CV scans
for all electrodes before applying the degradation pro-
tocol are shown in figure 11(b).

The average transient biphasic response for 13
electrodes before degradation is shown in figure 11(a).
The step increase in the electrode voltage corresponds
to the ohmic response of the solution resistance, R,
and the slope refers to the charging mechanism of the
double-layer capacitance, Cy, as well as the dischar-
ging across the charge-transfer resistance, Ry (to first
order).

Electrode—electrolyte interfaces are character-
ized by EIS in order to determine the impedance
characteristics. The mean and error of the EIS
Bode plots (magnitude and phase) for the elec-
trochemical impedance of all the electrodes before
applying the degradation protocol are shown in
figure 11(c). The potential cycling of the SIROF
material activates it, which increases the real surface
area of the electrode and hence increases the double-
layer capacitance. An increase in the capacitance
shows a decrease in the low frequency impedance in
figure 11(c).

7.2. Degradation protocol

The degradation protocol described in table 4 was
applied on a total of 13 electrodes, with 3 electrodes
each for protocols DP-1 to DP-IV, and one electrode
for DP-V because it was an extreme case. CV
plots demonstrating each condition are shown in
figure 12. As the voltage range increases, the cur-
rent conducted across the interface increases by
more than one order of magnitude. The degrad-
ation procedure was used primarily to alter the
characteristics of the electrode—electrolyte interface,
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to study RV measurements on altered stimulation
electrodes.

7.3. Post-degradation protocol results

7.3.1. eSEM imaging

Low vacuum scanning electron microscope (eSEM,
50 000X magnification) images of the electrodes after
the degradation protocol. The protocol enabled the
creation several degraded electrode modes, such as
corrosion, mechanical damage, re-deposition and
delamination, which are shown and described in
figure 13.

7.3.2. Biphasic transient responses

A comparison of the biphasic responses and CV char-
acterization for each of the degraded electrodes is
shown in figure 14. Recall that the biphasic stimula-
tion pulse is a rectangular current pulse (figure 1(a)).
When a rectangular current pulse passes through a
capacitor (Cq), the resulting waveform is a straight
line, with a slope of (1/Cq). Therefore, a decrease
in the slope of the biphasic response, indicates an
increase in the double-layer capacitance to first order,
which can be observed in figures 14(c)—(f). The elec-
trodes subject to DP-IV, which mainly exhibit surface
delamination, i.e. a significant loss of the the SIROF
material coating, show a drastic reduction in the
charge storage capacity thereby increasing the amp-
litudes of the biphasic response, and subsequently
the RV.

RV can theoretically be sampled at any point after
the biphasic pulse, constrained only by the measure-
ment circuit. Here, we present two cases, figure 15(a)
shows the values of the RV 1 us and figure 15(b)
shows the values 1 ms after the anodic phase, for
the electrodes before and after the degradation pro-
tocol. Smaller Cgy values, which are apparent in the
case of surface delamination, correspond to a higher
RV, which is evident from the RV sampled after 1 s
(figure 15(a)). The later the measurement is made,
as shown in figure 15(b), the harder it becomes to
distinguish between the degraded cases due to noise
interference.

7.3.3. Charge storage capacity

As described in section 4, the cathodal charge capa-
city (C cm™?2) was obtained by integrating under the
negative half of the CV curve, and dividing it by
the geometric area of the electrode. While a gradual
transition can be observed across the samples from
initial use until degradation (figure 16), there is a
distinct reduction in cases where the SIROF film
has significantly delaminated. For electrodes tested
with degradation protocols DP-1 (#5,#10,#15) and
DP-II (#3,#4,#6), which are within and at the water
window limits, an increase in charge storage capa-
city is observed (figure 16), without a significant
change in the surface topology (figures 13(b) and
(c)). For DP-III (#7,#8,#9), the damage is more pro-
nounced, causing visible cracking on the surface

12
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Figure 12. CV-based electrode DP: CV cycles were run at limits higher than the specified water window potentials (—0.6/40.8V
for SIROF [23]) to ensure systematic, repetitive and expeditious changes in the electrode—electrolyte interface characteristics (ref
table 4) (a) DP I (Nominal) (b) DP II (At Water Window) (¢) DP III (|0.6V| Above Water Window) (d) DP IV (|1V| Above Water

Window). As the applied voltages increases, the conduction across the electrode—electrolyte interface increases due to irreversible
electrochemical reactions, thereby damaging the electrode.
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Figure 13. ESEM images after Degradation Protocol (DP, table 4) 10kX magnification: (a) unused electrodes showing the general
structure of SIROF film (b) DP—I, nominal voltage range, within the water window, there is no significant texture change in all
electrodes (c¢) DP—II, operated at the water window limits, cracks start to appear on the surface (d) DP—III, operated above the
water window, the SIROF film starts to rupture (#7), #8 shows a redeposition of SIROF film, these cases can exhibit an increase in
charge storage capacity, #9 shows an absence of SIROF film (e) DP—IV, operated above the water window, shows delamination,
resulting in absence of SIROF material in most areas, #12, #13 shows absence of SIROF film (f) DP—YV, test case for very high

voltage range, resulting in delamination.
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in the double-layer capacitance, corroborated by the increase in the enclosed area of the CV curve. (e) and (f) DP-III, above the
water window by [0.6|V. There is an increase in the solution resistance, indicated by the step change in the biphasic response. The
CV curve, while showing an increase in area, also shows a lot more electrochemical reactions, based on the sharp peaks at higher
voltage ranges. Surface cracking exhibited in figure 13(d) can exhibit an increase in the real surface area. (g),(h), above the water
window by |1V, indicating large RV values for electrodes where surface delamination is predominant. (i) EIS Bode plots after DP:
The solid blue line shows the mean plot from all electrodes before degradation. For protocols DP-1, DP-II and DP-III, there is no
significant change in the magnitude plot between them, but they decrease from the pre-degraded response. The degraded cases,
DP-1IV and DP-V show a large increase in impedance, corresponding to a large increase in residual voltage measurement.
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capacity (shown in figure 16) indicates a decrease in RV measurement. Measurement of RV further away in time from the end of
the anodic pulse is more prone to noise interference.
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(figure 13(d)), and redeposition of SIROF mater-
ial. This case is interesting because it causes an
increase in the charge storage capacity, but this
increase is not a reliable feature. If there is a large
deviation from the standard charge storage capa-

city, a decrease in RV can imply cracking on the
electrode surface. For the last case of complete
delamination, at that point, there is no SIROF
material remaining, which decreases the capacitance
significantly.
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8. Conclusion

RV is a leakage phenomenon that can occur dur-
ing perfectly balanced biphasic electrical stimulation
due to discharge of the double-layer capacitance via
the charge-transfer resistance. Because it is repres-
entative of the condition of the electrode—electrolyte
(tissue) interface, measurement of RV is a useful
tool to monitor changes that occur at the inter-
face. Stimulation electrodes are typically coated with
an electrochemically active material, like iridium
oxide, in order to enhance their charge injection
capacity. The charge-transfer resistance in the first-
order model represents the electrochemical reac-
tions that take place across the interface. Using a
first-order model of the electrode—electrolyte (tissue)
interface, we describe the source of RV in balanced

biphasic electrical stimulation. Using electrochemical
analysis methods such as CV and EIS, and compar-
ing against RV measurements, we demonstrate the
correlation between RV measurement and electrode
damage. While the values presented in this paper
have used SIROF electrodes as a proof-of-concept,
different systems may present different values, but
the concept of measuring RV remains unchanged.
Our motivation for including RV measurement in any
closed loop neuromodulation system is evident from
in vivo experiments performed in rats showing how
uncurtailed RV grows to levels that are beyond the
electrochemical water window.

From our studies presented in this paper, we
are able to draw the following conclusions: (a) RV
is present even when the biphasic stimulation is
perfectly charge balanced; (b) there is evidence to
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suggest that cases of electrode cracking or delamin-
ation of SIROF electrodes can be detected by RV
measurements during stimulation. A decrease in the
charge storage capacity corresponds to an increase
in the measured RV (figure 17); (c) RV measure-
ments should preferably be done as close in time
to the end of the anodic phase as possible, in
order to ensure a reliable demarcation between nom-
inal and degraded cases; (d) preliminary in vivo
experiments in anesthetized rats show evidence that
RV growth can grow beyond the water window
limits.

The in vivo RV growth to water window levels
occurs in a short time frame (40 min), and the aver-
age life of a chronic implant device is a few years.
A lot of physiological effects in biological systems
only occur on chronic exposure, which can be more
than 7 h. A future direction of this work would be
to observe (a) RV variations in different types of
stimulation electrodes and at different charge dens-
ities and (b) long term electrode degradation of
electrodes implanted in vivo, while simultaneously
observing RV measurements. From a system design
standpoint, the fact that RV exists even with zero
charge mismatch implies system design effort can
be split between minimizing mismatch and develop-
ing feedback based charge balancing methods. On
the other hand, implementation of existing charge
balancing methods [16, 19], can incorporate these
ad-hoc RV measurements to ensure that unwanted
voltages do not linger at the electrode node, while
still retaining valuable diagnostic information in the
process of charge balancing. In applications involving
implantable electronics, where in situ characteriza-
tions using traditional CV and electrode impedance
spectroscopy methods can often be inaccessible, we
present RV measurement as an efficient and scalable
way of diagnosing discrepancies in multi-electrode
systems.
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