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Abstract. This paper presents a simplified analysis of the balancing are typically implemented. The most common so-
electrode potential upon mismatched, biphasic stimulatiorution is to insert a large, non-integrated dc blocking capac-
using passive discharge techniques, e.g. by shortening of thigor in series with the stimulation electrode, which guaran-
electrodes. It turns out that especially for microelectrodestees that no dc-currents can flow to the electrode over time
the required shorting intervals become as large as to limit gScheiner and Mortimerl99Q Ortmanns2007). Nonethe-
feasible stimulation interval. If no blocking capacitors can less, regular discharge of the blocking capacitor is necessary
be used due to limited space and the degree of miniaturisain order to avoid saturation due to dc-current integration and
tion, the passive discharge even imposes severe risks to thmonsequently reduced output voltage compliance of the stim-
surrounding tissue and the electrode. ulator.
In modern FES applications, where many channels have to
be provided concurrentlyQrtmanns et al.2007%), dc block-
1 Introduction ing capacitors can not be realised in the required number
due to space limitations. Therefore, the only passive, charge
Biomedical implants for functional electrical stimulation balancing measure is to short the electrodes after the mis-
(FES), such as the cochlea implant, cardiac pacemaker, angatched, biphasic stimulation in order to cancel accumulated
retinal implant have received an increasing inter8sieglitz charge.
and Meyey 2006 Ortmanns et aJ2007). The principle is to In this work we analyse the dependency of current mis-
excite a neural reaction upon the transfer of charge into thematch, electrode impedance and the resulting steady-state
tissue. Thereby, constant current based stimulators use puélectrode dc-voltage. Within this paper, we model the
satile current stimulation via an electrode, which is attachedelectrode-electrolyte interface, calculate the net dc-voltage
to the human body. due to imbalance and validate the measurement results by
Principally, whenever current is conducted over an elec-experiments with platinum black electrodes in a 0.9% saline
trode into a conducting solution, chemical processes takesolution.
place at the interface. By applying a large potential over a
longer period of time, charge is massively exchanged over
the electrode and strong faradaic currents flow which caus@ Electrode-electrolyte interface model

electrolysis, pH change, electrode dissolution as well as tis- . .
sue destructiongcheiner and Mortimer199Q Liu et al. A simplified electrode-electrolyte interface can be modelled

2007. In order to avoid these irreversible electrochemical ?Y @n €lectrolyte resistance in series with the parallel combi-
reactions, the stimulating current pulse is typically balancednation of a capacitive path and a charge transfer path {ig.

and biphasic, which ensures that no net charge appears at ti{gti€dlitz 2004, whereCpw and Cyc represent the dou-

electrode after each stimulation cycle and the electrochemiP!€ layer interface capacitor, whil&rw and Rrc repre-

cal processes are balanced to prevent net de-currents. sent the faradaic resistance, of the working and counter elec-
But especially when integrated circuitry is used for the F0Ues, respectivelyRs is the solution spreading resistance,

stimulator, due to imperfections of the fabrication process"Nich is beyond others depended on the fluid resistance as

more than 1%-5% of mismatch of the current pulses has tyvell as the electrode properties. Especially for monopolar

be taken into account. Therefore, measures to achieve chargfé'mmat'on' when being compared with the working elec-
rode, the counter electrode has a much larger area. Thus,

Chc is assumed to be a rather large capacitance and can
Correspondence taK. Sooksood therefore be neglected. Generally, in the case of safe oper-
m (kriangkrai.sooksood@uni-ulm.de) ation only Rg and Cy are of interest. If the voltage over
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Fig. 1. Simplified electrode-electrolyte interface model. é?
LFRAME Fig. 3. Biphasic current stimulator with a blocking capacitor.
tPUSH tD]S
-

If there is charge imbalance between the first (“PUSH”) and
the second (“PULL") current phase, then the average dc-
current of this stimulation pulse is

— 1
Ine = QpusH— QpuLL _ IsTim MM - DC @
IFRAME 2
wherelstv is the stimulation current amplitude, MoV is
- the percentage charge mismatch between the push and pull
IpULL duration, andDC is the duty cycle from Eqg.1). A stimula-

tion current of+=1 mA, a mismatch of 5% and a duty cycle of
20%, for example, corresponds to an averaged dc-current of
10uA through an electrode.

The discharge periogh|s in Fig. 2, determines the max-
) ) imum time for shorting the electrodes or discharging the
the electrode interface increases permanently to large Valueﬁiocking capacitor to get to the 0V reference voltage.
strong faradaic currents flow, which are the source of cor- A stimulation circuit with (optional) blocking capacitor
rosion and toxicity. This effect is usually not modelled, be- Cp and discharge switch is shown in Fig. Normally, the
cause it must be avoided by long-term charge balan@itg (- gz of a blocking capacitor must be large, such that the
and Sarpeshka2007). voltage drop acros€z does not significantly decrease the

It is important to note that the values & and Chw  voltage compliance of the stimulator, which is required to
will vary beyond other factors with the material and geom- drive the electrode impedance. Since also the counter elec-
etry of the electrodes being used, also with a solution. Introde is assumed much larger as the stimulation electrode

this work, two sizes of platinum black electrodes were used(CHC>>CHW), the time constant of this series connection
with 1000um and 15Q:m diameter, respectively. Lumped simplifies to:

model parametersRs and Cyw) have been measured us-

ing impedance spectroscopy with 25mV excitation in a® Rs-Chw ©)
0.9% saline solution. Average values for these electrode$rom the dc-current in Eg2), the mismatch charge per each
were found atRs=1.2kQ2, Cyw=47nF, and Rs=4.7k<2, stimulation cycle 0y, can be calculated as:

Cyw=18&F, respectively.

Fig. 2. Timing of a stimulation cycle.

Omm = Ipc - tFRAME 4)

During the discharge perioeh,s, the switch is closed, thus,

] ] the blocking capacitor is discharged throuBk and Rps.
3 Electrode potential calculation The charge during this period is:

In the following, the derivation of an analytical expres- Qpis = ﬁ - IDIS (5)
sion for the steady-state mismatch voltage on an electrode v Abs _ _ _
employing passive charge balancing is found. Stimula-WhereVois the quasi-static electrode potential during the dis-
biphasic and charge balanced (F2y. The duty cycle PC) tpis is much smaller tharr. Then, the voltage at the ca-

of this pulse is pacitor and thus at the electrode remains constant during the
discharge period. Hence, Eqd) énd 6) are set equal:
tPUSH fPULL Vo
DC=——"""— 1 —————— Ipis = Ipc - IFRAME 6
IFRAME ) Rs + Rpis ©)
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Fig. 5. Electrode potential over discharging time using 2% mis-
match on a 100@m electrode.
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The electrode voltage can then be calculated to: = 80 A
=
Ipc - trrRAME - (Rs + Rpis 2
Vo= ( ) @) £ 60 A
IpIs %;
This equation can also be used in the case of stimulator with-*;i‘3 40
out blocking capacitor (sinc€g>>>Crw). =
20
4 Experiments and discussion 20 30 40 50 60 70 20
The given analysis is verified by circuit level simulations us- Discharging time; #pjg / ps

ing the circuit in Fig.3, and additionally with experiments

using discrete components on a printed circuit board in&ig.

in combination with 100qcm and 15Q:m diameter platinum Fig. 6. Electrode potential over discharging time using 2% mis-
black electrodes in a 0.9% saline solution. In addition to™atch ona15am electrode.

blocking capacitor balancing circuit, this circuit board con-

tains other 2 passive balancers and 2 active balancers as well Firstly, the 100Q.m diameter electrode was used. Fighire
that are not subject of this investigation. The following pa- presents the quasi-static electrode potential after each stimu-

rameters were used for the experimentsty==+500uA, lation and discharge phase. The potential was measured for
a current mismatch of M M=2%, Cp=22uF, while Rp|s various discharge timeg s and is compared to the result in
was small and could be neglected. Eqg. (7) and a simulation with the simple circuit in Fig.

For the pulse timing, in this experiment a high repeti- Obviously, the analytical model and the experimental sim-
tion rate of 5kHz was chosen, withbys=tpyrLL=50us ulation and measurement results match well. Differences
and rrrame=200us. These result in charge per phase of are caused by the rather small time constant of the electrode
25nC and 318uClen? and 1415 Clen? charge density  impedance and by variations of the same over time. A com-
per phase for 100@0m and 15Q:m electrodes, respectively. parison of the calculation, simulation and the experiment on
Please note that by extending all timings proportionally, thea smaller electrode with 150m diameter is given in Figs.
absolute results of the steady state voltage did not changégain, the stimulation parameters were chosen as above.
since the mismatch current depends only on the duty cycle For illustration of the steady state behaviour, also the
of the frame (Eq2), while the resulting electrode voltage transient electrode potential is shown in Fij.where the
depends on the ratio of the frame and discharge time{Eqg. mismatch caused voltage after each stimulation cycle is seen.
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5 Conclusions

This paper presents an electrode potential calculation method
for functional electrical stimulation with passive charge bal-
ancing using blocking capacitors or electrode shorting. It is
shown that a safe value for the discharging time strongly de-
pends on electrode impedance. Thus, when small electrodes
are used, a stimulation current mismatch can cause a quasi-
static electrode potential exceeding the water window. Thus,
either very large safety margins are required or active charge
balancing techniques must be used.
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