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Comparison of Electrical Transients and Corrosion Responses of 
Pulsed MP35N and 316LVM Electrodes 
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Abstract--Functional neuromuscular stimulation (FNS) is often 
limited by electrode malfunctions such as corrosion and break- 
age, particularly for intramuscular and epimysial type electrodes. 
As a result, the electrochemical charge injection characteristics 
and corrosion responses of single strand 316LVM stainless steel 
and MP35N nickel-cobalt alloy electrodes were evaluated in 
vitro. For charge balance, capacitor coupled monophasic proto- 
cols with varying charge injections were employed. Electrodes 
were evaluated with either positive-first or negative-first pulses, 
60 Hz, 100 /xsec pulse duration, and stimulation periods from 
100 to 240 hours. Charge injection densities ranged from 20 to 
80 IxC/cm 2. For both anodic-first and cathodic-first pulsing, the 
potential transients for the MP35N electrodes were more extreme 
than for the 316LVM electrodes over the test period, and in- 
creased corrosion was apparent on the MP35N electrodes from 
both optical and scanning electron microscopy. Therefore, 
316LVM, but not MP35N, may be suitable for FNS applications 
with charge injection densities less than 40 IxC/cm 2. 

KeywordsbNeuroprosthetics, Electrode corrosion, 316LVM 
stainless steel, MP35N nickel-cobalt alloy, Electrical transients. 

INTRODUCTION 

Peripheral applications of intramuscular and epimysial 
implantable electrodes for functional neuromuscular stim- 
ulation (FNS) have gained widespread acceptance. These 
electrodes are used in the treatment of many neurological 
disorders including bladder dysfunctions, respiratory dys- 
function and limb paralysis (1,8,11,13,27). Despite this 
widespread acceptance, their use continues to be limited 
by electrode malfunctions such as corrosion and breakage 
(10,12,18). 

To avoid corrosion and breakage problems of implant- 
able electrodes and cables, two electrode types are gener- 
ally used (3,19,25,27,31). The first type of electrode is 
constructed with one metal for both the insulated lead 
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portion and the exposed stimulating portion of the elec- 
trode. Typically, 316LVM and MP35N are substrates 
used. The advantages include easy manufacturing, low 
cost, and the ability to implant the electrode percutane- 
ously (12). The disadvantages include a low charge injec- 
tion limit and the need for a large surface area for corro- 
sion resistance. The second type consists of electrodes 
constructed of two different metals for the insulated lead 
portion and the exposed stimulating electrode. Although 
the second type of FNS electrodes have the advantages of 
using corrosion-resistant platinum disks for the stimulat- 
ing surface and flexible stainless steel wire for the lead 
portion, there exist disadvantages of using dissimilar met- 
als (27). These include the introduction of galvanic cor- 
rosion and the need for more involved fabrication. Due to 
the disadvantages of dissimilar metal electrodes, there is a 
need to characterize further the stimulation conditions for 
single metal electrodes. 

As electrode materials, 316LVM stainless steel and 
MP35N nickel-cobalt alloy electrodes offer excellent me- 
chanical strength for a single metal electrode (18,20). 
These materials are readily obtained as well as being fairly 
inexpensive (18,20). However, these electrode materials 
may be susceptible to pitting corrosion during pulsing 
(12). Several studies have indicated conditions under 
which corrosion begins by identifying a relationship be- 
tween charge injection, the maximum anodic potential 
[Em~x(A)] and the corrosion response (2). From these stud- 
ies, the maximum limit of safe charge injection for ca- 
thodic stimulating wave forms is generally reported to be 
40 IxC/cm 2, although lower limits have been suggested 
(16). A safe charge injection limit for anodic-first pulsing 
is not clearly defined for either alloy; however, anodic 
pulsing is known to be more corrosive than cathodic-first 
pulsing (12). One of the electrical transients associated 
with pulsing and corrosion responses is Ema x. This tran- 
sient is associated with charge transfer and faradaic reac- 
tions and is measured as the maximum potential excursion 
following the initial access potential. Emax(A ) values ver- 
sus a standard calomel reference electrode greater than 1.2 
V have been associated with corrosion responses (12). 

Despite these guidelines, the onset of corrosion for 
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pulsed 316LVM and MP35N electrodes remains uncer- 
tain. This uncertainty is associated with 1) the relatively 
short time course of previous studies; 2) the use of end 
point evaluations of corrosion rather than repeated mea- 
sures over time; and 3) the use of an inappropriate in vitro 
electrolyte environment ( 12,14,21). For these reasons, we 
developed: 1) long-time course studies: 2) intermediate 
corrosion response evaluations, and 3) a minimal in vitro 
bath, without protein, glucose, or urea, based on the in 

vivo interstitial environment (22,23,32). Electrical tran- 
sient data and corrosion responses for both anodic-first as 
well as cathodic-first pulses are presented for continuous 
pulsing up to ten days. 

METHODS 

The single strand 316LVM and MP35N wires (7 mil, 
0.17 mm in diameter) were supplied by ESPI Inc. (Ag- 
oura, CA). Both alloys were in the annealed condition 
with tensile strengths of 670 MPa and 980 MPa for 
316LVM and MP35N, respectively. The percent compo- 
sition of the 316LVM metal included 17 Cr, 12 Ni, 2.5 
Mo, and Fe balance. For the MP35N metal, the percent 
composition was 0.0006 C, 0.02 Mn, 0.003 P, 0.001 S, 
0.02 Si, 20.49 Cr, 34.75 Ni, 9.70 Mo, 0.65 Ti, 33.97 Co, 
and 0.50 Fe. For both metals, percent composition was 
determined by ESPI Inc. and was in good agreement with 
reported values (12,20). 

After insulating the wires in silastic tubing, epoxy was 
used to seal the interface. All electrodes were then cut to 
an exposed length of 3 mm. Electrodes were cleaned by 

dipping in acetone for 5 minutes, wiping with tissue pa- 
per, and then rinsing with distilled water. Electrodes were 
evaluated in vitro using charge injection protocols similar 
to those used in vivo (30). A buffered in vitro electrolyte 
solution, representative of interstitial fluid (7), was used, 
consisting of 29 mM bicarbonate (NaHCO 3 2.44 g/L), 3 
mM phosphate (Na2HPO 4 2.39 g/L and NaH2PO 4 0.08 
g/L) and 137 mM NaC1 (8.00 g/L), purged with 5% CO 2, 
6% 02 and 89% N 2 gas to a final pH of 7.4 (9). 

All experiments were conducted using the stimulating 
circuit shown in Fig. 1A. A Frederick Haer 6i stimulator 
(Brunswick, ME) with an internal resistance of 20 Kfl  
was used. A 5 KI) resistor and diode were added to the 
output of the stimulator to help maintain constant current 
stimulating conditions and charged balanced pulses. The 
time constant (TC) of the discharge circuit was calculated 
from the product of the capacitance (0.47 p~F) and the 
resistance of the discharge circuit, which consisted of the 
sum of the access resistance of the electrodes, the 1.8 KIq 
shunt resistor and the I00 f~ current sensing resistor (Fig. 
1A) (6). This TC was determined to 0.96 msec and was 
found to provide complete discharge as well as charge 
balance in the current record within 4 ms for all charge 
injection densities used. 

Monophasic, anodic-first and cathodic-first current 
pulses were applied in a 3-electrode test cell which was 
comprised of the test electrode, a large surface area Pt 
counter electrode (4 cm of 1 mm diameter wire), and a 
saturated calomel reference electrode (SCE) in close prox- 
imity to the test electrode (Fig. 1A). The stimulation pro- 
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FIGURE 1. (A) Stimulating circuit consisting of 0.47 ttF capacitor, 1.8 K ~  shunt resistor and 100 f t  current sensing resistor was 
used for all experiments with anodic-first pulsing. For cathodic-first pulsing, the polarity was changing at the stimulator. (B) 
Represents a typical electrical transient obtained for electrodes stimulated with anodic-first pulsing with a current of 7.5 mA. 
Electrical transient parameters (Eipp, E.~c, Era.x, and F-tot) are as illustrated. 



204 L.W. RIEDY and J.S. WALTER 

tocol consisted of 100 p.s pulses at a repetition rate of 60 
pps and was conducted until electrode dissolution was 
apparent, or for up to 240 hours. MP35N electrodes and 
316LVM electrodes were stimulated at charge injection 
densities of 80, 40 and 20 p,C/cm 2 (15.0, 7.5, and 3.8 
mA) and 80 and 40 txC/cm z, respectively. A charge in- 
jection density of 20 txC/cm 2 was not used with the 
316LVM electrodes due to the limited corrosion response 
at 40 IxC/cm 2. A 100 MHz storage oscilloscope (Tek- 
tronix model 2232) equipped with 10X probes (Tek 
P6109) resulting in 10 MI) impedance was used for re- 
cording electrical transients. As shown in Fig. 1B, for 
anodic pulsing; the maximum anodic potential [Emax(A)] 
was obtained by subtracting the access voltage [Eacc(A)] 
from the maximum anodic voltage excursion (Etot). The 
access resistance (Ra) was obtained from the voltage tran- 
sient by dividing Ea~ c by the instantaneous current. The 
values obtained for Ra were slightly less than Eac c directly 
divided by the listed currents (3.8, 7.5, or 15.0 mA) due 
to a 5-10% drop off in the current during the 100 t~sec 
pulse (Fig. 1B). The interpulse potential (Eipp) was mea- 
sured just prior to the onset of the pulse and represents the 
shift from ground potential. 

The corrosion response of each electrode was periodi- 
cally checked throughout the stimulation period. This 
evaluation required removing the electrodes from the buff- 
ered electrolyte, soaking them for 30 minutes in distilled 
water to remove any salt crystals before observation under 
the light microscope. With this analysis, light microscopy 
provided the time course monitoring of each electrode's 
corrosion response. SEM was used to confirm the final 
corrosion response of each electrode. A loss of the natural 
shiny metal surface is referred to as tarnishing as seen with 
light microscopy. Appearance of surface disruptions and 
pitting (as observed by SEM only) are referred to as 
roughening. A flaking in the metal surface is described as 
scaling, and dissolution describes a loss in electrode ma- 
terial, typically seen as a decrease in electrode length. 

RESULTS 

Figure 2 shows a more severe corrosion response for an 
MP35N electrode compared with that of a 316LVM elec- 
trode during 240 hours of anodic pulsing at 40 p~C/cm 2. 
Initially, both alloys were shiny with wire drawing marks 
visible with light microscopy. However, after 120 hours 
of stimulation, the 316LVM electrode was only tarnished, 
whereas the MP35N electrode was visibly scaled. Addi- 
tional stimulation did not result in a significant change in 
the corrosion response of either electrode, showing the 
greater overall  corrosion of MP35N compared to 
316LVM. 

Electrical transient components (Eacc, Emax, Etot, and 
Eipp) were all found to increase during anodic pulsing at 40 
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FIGURE 2. Corrosion responses  of 3 1 6 L V M  and M P 3 5 N  elec- 
t rodes  pulsed anodic-f i rst  at  40  l~C/cm 2. 

ixC/cm 2 (Figs. 3A-C) correlating with the corrosion re- 
sponses. Of these, Eac c was found to be the most sensitive 
to corrosion. After 240 hours of stimulation, there was a 
three-fold increase in Eac c for the 316LVM electrode and 
a four-fold increase for the MP35N electrode (Fig. 3A). 
Ema x values for 316LVM increased by 1.37 V and for 
MP35N by 1.39 V after 240 hours of stimulation (Fig. 
3B). The greatest proportional differences between 
MP35N and 316LVM were observed for Eip p values. The 
Eio p values for MP35N were driven to become roughly 
two to four times more negative than observed for 
316LVM (Fig. 3C). 

In addition to evaluating the electrodes with anodic 
pulsing at 40 ixC/cm 2, MP35N electrodes were evaluated 
using 80 and 20 ixC/cm2; 316LVM electrodes were eval- 
uated using 80 ixC/cm 2 (Table 1). At 80 ixC/cm 2, in- 
creased corrosion was observed for both metals propor- 
tional to the doubling of the charge injection density. The 
MP35N electrode continued to show accelerated corrosion 
with scaling visible after seven hours of stimulation, 
whereas the 316LVM electrodes only showed signs of 
tarnishing. Although a safe charge injection limit of 40 
txC/cm 2 for 316LVM is generally recommended to avoid 
corrosion, it was necessary to decrease the charge injec- 
tion to 20 ixC/cm 2 for the MP35N electrodes to avoid 
active corrosion with 240 hours of anodic-first pulsing. 
Despite this low charge injection density for MP35N, after 
144 hours of stimulation, the electrode was tarnished; after 
an additional 52 hours of stimulation, roughening of the 
electrode's surface was observed. 

The effect of charge injection on the corrosion response 
of anodically pulsed MP35N electrodes, as observed un- 
der SEM, is illustrated in Fig. 4A-C. As expected, the 
most severe corrosion response occurred at the highest 
charge injection density of 80 IxC/cm 2 (Fig. 4C). Exten- 
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sive surface disruptions, including scaling and pitting, 
along with dissolution at the tip, were observed across the 
entire electrode's surface. At 40 p,C/cm 2, the degree of 
surface disruption was considerably reduced (Fig. 4B). To 
a lesser extent, scaling and pitting were still visible at this 
charge injection; however, electrode dissolution did not 
occur. At the lowest charge injection density of 20 IxC/ 
cm 2, scaling was no longer apparent and only small pits 
were noticeable (Fig. 4A). 

In addition to the corrosion response, electrical tran- 
sients were recorded for anodic pulsing at the different 
charge injection densities. At the highest charge injection 
of 80 IxC/cm 2, Eac ~ increased the most over the course of 

stimulation for both alloys. Of the two alloys, the largest 
increases were observed for the 316LVM electrode, which 
increased by 10.67 V compared with an increase of only 
8.14 V for MP35N. During the same stimulation period, 
Ema x values were observed to fluctuate for both alloys, 
with an overall increase observed at the end of the stim- 
ulation period (Table 1). The sum of Eac c and Ema x is Eto t 
and is listed in Table 1. Eto t showed fewer fluctuations 
than Eac c and Ema x individually, and consistently increased 
during pulsing. Eip p values changed little during the puls- 
ing period with the exception of the 316LVM electrode 
stimulated at a charge injection of 80 ixC/cm 2. At this 
charge injection, dissolution of the 316LVM electrode oc- 
curred, at which point the Eip p values became very nega- 
tive. Overall, Eip p values were larger for the MP35N elec- 
trodes than for the 316LVM electrodes. At the lowest 
charge injection density of 20 ixC/cm 2 for the MP35N 
electrode, the electrical transient components decreased, 
which correlated with a decrease in corrosion. Despite this 
reduced charge injection density (20 pLC/cm2), Eacc, E . . . .  

and Eip p increased over the course of stimulation by 1.46 
V, 1.24 V, and 0.57 V, respectively. 

Effects of cathodic pulsing on 316LVM and MP35N 
electrodes were also evaluated. In general, the corrosion 
responses were considerably reduced for any given charge 
injection density using cathodic-first pulsing rather than 
anodic-first pulsing for both alloys (Table 2). As ex- 
pected, cathodic pulsing at the highest charge injection of 
80 p,C/cm 2 resulted in the most severe corrosion response, 
with greater corrosion observed for the MP35N electrode. 
At this level of charge injection, roughening of the 
316LVM electrode's surface was observed, while scaling 
of the MP35N electrode's surface was observed after 240 
hours of stimulation. As the charge injection was de- 
creased to 40 ixC/cm 2, the differences in the corrosion 
responses of 316LVM and MP35N electrodes were more 
apparent. Roughening and pitting were evident on the 
MP35N electrode, while only tarnishing was observed on 
the 316LVM electrode. Due to this corrosion response of 
the MP35N electrode at 40 txC/cm 2, the charge injection 
was further decreased to 20 p~C/cm 2. Even at this low 
level of charge injection, the electrode's surface appeared 
tarnished after 240 hours of cathodic-first pulsing. 

A representative SEM comparison of the corrosion re- 
sponses for MP35N and 316LVM electrodes stimulated at 
40 p,C/cm 2 with cathodic-first pulsing is shown in Fig. 
5A-B. After 240 hours of stimulation, pitting and surface 
roughening were apparent on the MP35N electrode (Fig. 
5A), as indicated by the arrowheads on the SEM, but only 
wire drawing marks were visible on the 316LVM elec- 
trode (Fig. 5B). 

Electrical transients (E . . . .  Eacc, Etot, and Eipp) with the 
cathodic-first pulsing were monitored over time for both 
alloys at each charge injection level (Table 2). At 80 ixC/ 
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TABLE 1. Electrical transients for anodic-first pulses for 316LVM and MP35N electrodes 

Time Corrosion 
(Hrs) Eacc (V) Era.• (V) Eto t Eipp (V) Response 

316LVM; 0.08 1.60 1.36 2.96 -0 .45  shiny 
80 i~C/cm 2 1 2.18 1.64 3.74 - 0.41 shiny 

4 2.71 1.41 4.12 -0.41 shiny 
7 2.36 1.81 4.17 -0 .50  tarnished 

24 4.36 1.73 6.09 - 0.55 roughening 
96 10.90 2.05 12.95 -0 .68  scaling 

118 12.27 2.95 15.22 -1 .14  dissolution 
M P35N; 0.08 1.77 1.56 3.33 - 1.05 shiny 

80 i~C/cm 2 1 5.45 1.18 6.63 -0 .82  tarnishing 
4 6.73 2.22 8.95 - 1.18 roughening 
7 3.54 1.64 5.18 - 1.09 scaling 

24 6.45 1.64 8.09 - 1.00 scaling 
96 7.91 1.45 9.36 - 1.18 scaling 

144 9.91 1.36 11.27 - 1.18 dissolution 
316LVM; 0.08 1.00 1.27 2.27 - 0.22 shiny 

40 t~C/cm 2 1 1.73 0.95 2.68 -0 .23  shiny 
4 1.41 1.36 2.77 -0 .23  shiny 
7 1.45 1.73 3.18 -0 .23  tarnishing 

24 1.77 1.68 3.45 - 0.32 tarnishing 
96 2.00 2.00 4.00 -0 .27 tarnishing 

240 3.64 2.64 6.28 -0 .36  tarnishing 
MP35N; 0.08 0.91 1.61 2.52 - 0.80 shiny 

40 ~C/cm 2 1 2.23 1.73 3.96 - 0.91 shiny 
4 2.05 2.05 4.10 -0 .92  shiny 

24 4.82 2.63 7.45 - 1.00 tarnishing 
120 4.45 3.00 7.45 - 1.09 scaling 
144 4.45 3.09 7.54 - 1.09 scaling 
240 4.46 3.00 7.46 - 0.91 scaling 

MP35N; 0.08 1.09 0.40 1.49 -0 .25  shiny 
20 i~C/cm 2 1 0.86 0.39 1.25 -0 .18  shiny 

4 1.55 0.66 2.21 -0.41 shiny 
24 2.43 0.50 2.93 - 0.61 shiny 

144 1.86 0.73 2.59 - 0.41 tarnishing 
196 1.73 0.64 2.37 - 0.36 roughening 
240 2.55 1.64 4.19 - 0.82 roughening 

Electrodes were randomly selected for duplication; similar corrosion responses 
those indicated in this table. 

cm 2, Eac c increased the most over the course of stimula- 
tion for both alloys. Of the two alloys, the largest in- 
creases were observed for the 316LVM electrode, which 
increased by 0.41 V after 24 hours and then increased by 
an additional 2.72 V after 240 hours of stimulation. The 

FIGURE 4. SEMs of the final corrosion responses of MP35N 
electrodes pulsed as indicated in Table 1 at (A) 20, (B) 40, and 
(C) 80 I~C/cm 2. Roughening of the electrode's surface area is 
visible in (A); scaling is visible in (B); extensive roughening 
and scaling are visible in (C). 

resulted to 

MP35N electrode, however, increased by 1.7 V after 24 
hours, but then decreased by 1.27 V. This decrease may 
be associated with active scaling, which may increase the 
surface area of the electrode. Less dramatic increases were 
seen in Eac c over the 240 hours of pulsing at 40 ixC/cm 2 for 
both metals. Due to the fluctuations in Emax, particularly 
with MP35N, Eto t values fluctuated similarly. However, 
Eto t values clearly increased for both alloys. Eip p values 
changed the least during stimulation compared with those 
of the other electrical transient components. At the lowest 
charge injection density of 20 ixC/cm 2 for the MP35N 
electrode, the electrical transient components decreased, 
which correlated with the decrease in corrosion. 

Access resistance (Ra) was also determined at the be- 
ginning and end of pulsing (Table 3). Ra values were 
calculated to be 5-10% less than expected due to the drop 
off in the current curve. Despite this, the response of Ra 
paralleled that of Eac c in all cases (Table 3), and increases 
in Ra were found to correlate well with the observed cor- 
rosion responses of the electrodes, as described in Tables 
1 and2.  
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TABLE 2. Electrical transients for cathodic-first pulses for 316LVM and MP35N electrodes 

T i m e  C o r r o s i o n  

(Hrs) E.c c (V) Ema x (V) Eto t Eip p (V) R e s p o n s e  

3 1 6 L V M ;  0 .08  - 2 .23 - 0.91 - 3 .14  0 .23  s h i n y  
80 p.C/cm 2 1 - 2 .50 - 1.05 - 3 .55  0 .18  s h i n y  

4 - 2 .64  - 1.27 - 3.91 0 .14  s h i n y  
24 - 2 .64  - 1.73 - 4 .37 0 .00  t a r n i s h i n g  

144 - 3 . 4 5  - 1.27 - 4 . 7 2  0 .45  r o u g h e n i n g  
240 - 5 .36 - 1.18 - 6 .54  0 .82 r o u g h e n i n g  

M P 3 5 N ;  0 .08  - 2 .05  - 1.86 - 3.91 0 .59 s h i n y  

80 ixC/cm 2 1 - 2 .50 - 2 .18 - 4 .68  0 .73  t a r n i s h i n g  
4 - 2.91 - 2.09 - 5.00 0 .77 r o u g h e n i n g  

24 - 3 .82 - 2 .00 - 5.82 0 .82  sca l i ng  
144 - 3 .18  - 1.64 - 4 .82 0 .68  s c a l i n g  

192 - 2 .18  - 2 .09 - 4 .27 0 .73  sca l i ng  
240  - 2 .55 - 1.68 - 4 .23  0 .68  s c a l i n g  

3 1 6 L V M ;  0 .08  - 0.91 - 0 .86 - 1.77 0 .09 s h i n y  
40  i~C/cm 2 1 - 0.91 - 0 .86 - 1.77 0 .14  s h i n y  

4 - 0 . 5 5  - 1.27 - 1.82 0 .14  s h i n y  

24 - 0 .77 - 1.64 - 2.41 0 .18  s h i n y  
120 - 1.05 - 1.05 - 2 . 1 0  0 .34  t a r n i s h i n g  

240  - 1.41 - 1.18 - 2 . 5 9  0 .16  t a r n i s h i n g  
M P 3 5 N ;  0 .08  - 1.32 - 1.09 - 2 . 4 1  0 .14  s h i n y  

40 ~ C / c m  2 1 - 1.18 - 1.27 - 2 .45  0 .09  s h i n y  

4 - 1.41 - 1.55 - 2 .96 0 .36  s h i n y  
24 - 2 .45 - 2 .00 - 4 .45  0 .73  t a r n i s h i n g  

120 - 2 .55  - 1.73 - 4 .28  0 .50  r o u g h e n i n g  
240  - 2.91 - 2 .36 - 5.27 0 .73  r o u g h e n i n g  

M P 3 5 N ;  0 .08  - 0 .36  - 0 .86 - 1.22 0 .05  s h i n y  

20 izC/cm 2 1 - 0 .43 - 0 .80 - 1.23 0 .09  s h i n y  
4 - 0 . 4 1  - 0 . 9 3  - 1.34 0 .14  s h i n y  

24 - 0 .47 - 1.02 - 1.49 0 .02 s h i n y  
144 - 0 .63 - 1.32 - 1.95 0 .30  t a r n i s h i n g  

192 - 0 .39  - 1.45 - 1.84 0 .35  t a r n i s h i n g  
240  - 0 .32 - 1.39 - 1.71 0 .33  t a r n i s h i n g  

E l e c t r o d e s  w e r e  r a n d o m l y  s e l e c t e d  f o r  d u p l i c a t i o n ;  s i m i l a r  c o r r o s i o n  

t h o s e  i n d i c a t e d  in t h i s  t ab le .  

r e s p o n s e s  r e s u l t e d  t o  

DISCUSSION 

Our principal finding was that pulsed MP35N elec- 
trodes were more susceptible to corrosion than the 
316LVM electrodes. This was true for both anodic-first 

FIGURE 5. SEM comparison of the final corrosion responses 
of (A) MP35N and (B) 316LVM electrodes with cathodic-first 
pulsing at 40 i~C/cm 2, 

and cathodic-first pulsing and for different levels of charge 
injection. The different responses of the two electrodes 
were most apparent at 40 ixC/cm 2 (Fig. 2). At this level, 
active corrosion was clearly visible under the light micro- 
scope for the MP35N electrodes, while the response of the 
316LVM electrodes was limited to tarnishing using an- 
odic-first pulsing. This result was somewhat surprising 
since MP35N has long been suggested to be more resistant 
to corrosion than 316LVM when used for in vivo implan- 
tations (11,12). These reports, however, only investigated 
the corrosion responses of nonstimulated MP35N and 
316LVM. As a result, we investigated the effects of stim- 
ulation on these alloys for up to 240 hours of continuous 
pulsing at charge injections ranging from 20 to 80 txC/ 
cm 2. Once the effect of stimulation was addressed, the 
response of these two electrode materials changed, such 
that MP35N was no longer superior to 316LVM. 

Accelerated corrosion of pulsed MP35N compared to 
316LVM is supported by Lan et al., who investigated the 
corrosion responses of MP35N and 316LVM electrodes 
with biphasic cathodic-first charge injection protocols 
(12). They identified the potentials at which pitting initi- 
ated for both alloys after one hour of stimulation and de- 
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TABLE 3. Initial and final access resistances (Ra) for both anodic-first and 
cathodic-first pulsing of 316LVM and MP35N electrodes 

316LVM MP35N 

Ra Anodic (~) Cathodic (D,)  Anodic (~q) Cathodic (D.) 

80 i~C/cm 2 initial 95 136 102 122 
final 642 246 573 140 

40 i~C/cm 2 initial 110 100 106 145 
final 315 144 434 265 

20 i~C/cm 2 initial 56 169 
final 146 319 

termined that the critical pitting potential of MP35N 
(18.8-37.5 IxC/cm 2) was slightly lower than that for 
316LVM (37.5 txC/cm2). The two alloys were evaluated 
at several charge injection densities (12). At 80 t~C/cm 2, 
corrosion was observed on the MP35N electrode but not 
on the 316LVM electrode after one hour of stimulation. 
These observations are in good agreement with our initial 
corrosion findings for the two alloys. The authors failed, 
however, to observe any corrosion after one hour of stim- 
ulation on either electrode material at 40 p~C/cm 2. Based 
on our time course monitoring technique, one hour is a 
limited time period to measure the corrosion response of 
pulsed electrodes; longer stimulation periods are needed to 
determine the corrosion responses of an electrode at any 
given charge injection (Fig. 4). 

Although it is currently believed that a charge injection 
density of 40 ixC/cm 2 will prevent the onset of corrosion, 
this study suggests that even lower charge injection den- 
sities might be needed, especially for MP35N electrodes. 
Based on the amount of charge that can be injected with a 
metal electrode by double layer charging, 20 p~C/cm 2 may 
be the maximum charge injection density possible before 
corrosion onset (24). Charge densities in excess of this 
may lead to the onset of faradaic reactions. This is clearly 
shown with the 316LVM electrodes, which tarnished after 
240 hours of stimulation at 40 txC/cm 2 with either anodic- 
first or cathodic-first pulsing. It is not clear if a more 
severe corrosion response would have occurred if the elec- 
trode was stimulated longer. It is possible that the initial 
tarnishing could act as a passivation layer and prevent 
further corrosion of the 316LVM electrodes. Work is in 
progress to determine if longer stimulation periods (of one 
year for example) will produce a corrosion response be- 
yond tarnishing. 

Corrosion responses were also correlated with electri- 
cal transients (Fig. 3). Of the electrical transient compo- 
nents (Fig. 1), Eac ~ initiates the pulse and results from 
ohmic losses primarily due to the resistance of the elec- 
trode/electrolyte interface as well as the bulk electrolyte 
and the internal resistance of the wires. E~r is also de- 
scribed as that potential just prior to the initiation of 
charge transfer (18). Generally, Ra values are used in lieu 

of E,c c values because of the resistive characteristics of the 
measurement (Table 3). As listed in Tables 1-3, Eac c and 
Ra increased during the period of pulsing more for 
MP35N than for 316LVM; these increases may be due to 
the greater build-up of surface oxides on MP35N com- 
pared with that of 316LVM. Abrupt changes in Ra were 
correlated with the appearance of visible corrosion prod- 
ucts on the electrode's surface. These corrosion products 
may decrease the usable surface area of the electrode and 
may hinder the charge transfer processes at the electrode/ 
electrolyte interface, consequently requiring a higher driv- 
ing voltage from the stimulator. 

During pulsing, Eac c is followed by Ema x (often referred 
to as the polarization potential) and reflects the voltage 
changes at the electrode/electrolyte interface associated 
with charge transfer processes (18). Ema x values versus 
SCE greater than 1.2 V have often been associated with 
corrosion responses (12). Ema x values observed here were 
quite high. For example, with anodic pulsing and a charge 
injection density of 40 ~C/cm 2, Ema x values exceeded 2.5 
V for both alloys. With cathodic pulsing and a charge 
injection of 40 txC/cm 2, only the MP35N alloy consis- 
tently had Ema x values more negative than 1.2 V. We 
suspect that these high voltages reflect additional resistive 
components that develop after the initial Ra. These addi- 
tional resistive components may be due to oxide build-up 
on the electrodes' surface. The active scaling of many of 
the electrodes observed here would support this view. 

The third component of the electrical transient is the 
Eip p, which occurs at the end of the interpulse period and 
indicates the polarization of the electrode associated with 
charge left on the electrodes. The changes in Eip p were 
greater for anodic-first pulses compared with those of ca- 
thodic-first pulses. MP35N in particular had large Eipp'S 
during 240 hours of pulsing. For example, the value of 
Eip p for MP35N was -0 .91  V compared with a value of 
- 0.36 V for 316LVM at 40 ~C/cm 2 for anodic-first puls- 
ing. The increased Eip p potential on the MP35N electrodes 
may be sufficient to promote corrosion (24). 

In addition to reporting Eac ~ and Em~ x, we also reported 
values for Eto t. Changes in Eto t over time were found to 
correlate with the corrosion response of both electrodes. 
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Eto t may have applications during pulsing where a counter 
or SCE electrode is not available, as typically occurs with 
in vivo applications. Moreover, a clear break-off in the 
electrical transient that differentiates Eac c f r o m  Ema x may 
not be apparent. In this situation, changes in Eto t may be 
correlated with corrosion of the electrode. 

Corrosion responses observed here are related to charge 
injections and electrical transients. For 316LVM and 
MP35N, a passivation film is associated with corrosion 
resistance and is approximately 10 to 50 A thick (3). The 
onset of corrosion occurs with the breakdown of this pas- 
sivation layer. Factors leading to the breakdown of the 
passive film include a certain critical potential, the pres- 
ence of damaging ions, a sufficient induction time, and the 
breakdown at localized sites. In addition, corrosion occurs 
with pulsing of these alloys when their potentials are 
driven to become too anodic or cathodic and the break- 
down of the passive film occurs. The chemical breakdown 
of passivity leads to the various forms of localized corro- 
sion, including pitting. A short pulse period (100 Ixsec) 
and a long interpulse period can provide protection against 
passive film breakdown. The advantage of a short pulse 
period is that it may not allow sufficient time for break- 
down of the passivation layer. A long interpulse period 
can provide sufficient time for the oxide layer to undergo 
repair and return to its original state (12). Although a short 
pulse period and a long interpulse period were used in this 
study, both alloys were found to corrode at charge injec- 
tions similar to those used in FNS applications. Of the two 
alloys, MP35N was found to be significantly more sus- 
ceptible to pitting corrosion than was 316LVM (Fig. 5). 

A concern in corrosion studies is the in vitro environ- 
ment. This is particularly important because current meth- 
ods used for in vitro studies fail to mimic completely the 
in vivo interstitial environment (10,17,32). In particular, 
oxygen concentrations in the in vitro environment have 
been shown to affect the corrosion responses of pulsed 
electrodes drastically (17). Yet, studies have been con- 
ducted in oxygen depleted, nitrogen rich environments 
(10), as well as oxygen rich, nitrogen depleted environ- 
ments (17,32). Results from these studies may reflect 
more the effects of oxygen levels rather than the effects of 
pulsing. Therefore, we developed an in vitro environment 
consisting of buffered electrolytes (7) and gas concentra- 
tions (9) similar to interstitial fluid (7). The electrolyte and 
buffer used here are detailed in Methods. The partial pres- 
sure of interstitial oxygen is 40 mm Hg, which corre- 
sponds to 5% 02 gas; the partial pressure of interstitial 
carbon dioxide is 45 mm Hg, which corresponds to 6% 
CO 2 gas. We recognize that our bath represents a minimal 
fluid and electrolyte environment. Currently, we are in- 
vestigating the effects of the addition of other interstitial 
components including protein, sugar and urea. Another 
concern for mimicking the in vivo environment is limited 

fluid and electrolyte. A bath surrounds the electrode with 
readily diffusible fluid and electrolyte, whereas the in vivo 
environment may be better described as a moist environ- 
ment with limited diffusion of fluid and electrolyte. The 
significance of this difference on corrosion responses of 
pulsed electrodes has yet to be elucidated. 

Another factor possibly affecting corrosion responses 
in this study is the capacitor coupled discharge during the 
interpulse period which produces a balanced wave form. 
Effective discharge was assured by using a short TC of 
0.96 ms. In previous work, we showed that accelerated 
corrosion was only observed with discharge TCs longer 
than 6.2 ms. Charge balance was further assured by add- 
ing a 5 Kf~ resistor and diode to the output of the stimu- 
lator, which prevented discharge through the stimulator 
during the interpulse period. 

The avoidance of electrode corrosion is an important 
concern for clinical applications of chronic neural pros- 
thetics. Possible applications of epimysial and intramus- 
cular FNS electrodes include control of upper and lower 
limbs and respiration, as well as management of bladder 
and bowel function. However, these applications depend 
on the stimulation demands. For example, we concluded 
that a larger surface area 316LVM electrode may be suit- 
able for direct bladder stimulation for a 30-year applica- 
tion (13,26,28). In that study, a "woven eye"  electrode 
configuration was satisfactory in terms of electrode mi- 
gration, encapsulation, corrosion response, and fatigue 
failure (30). The "woven eye"  configuration significantly 
increased the surface area of the electrode while decreas- 
ing the charge injection density, such that corrosion was 
not observed on "woven eye"  electrodes tested after 15 
hours of bipolar stimulation with 30 mA. The accelerated 
tests conducted in that study would be equivalent to a 
five-year implanted application, assuming 30 seconds of 
stimulation per day. An additional concern related to the 
corrosion response of implanted electrodes is the release 
of toxic compounds into the body. Iron, nickel and chro- 
mium may be released; however, preferential release of 
iron oxide and, to a lesser extent, nickel oxide are typi- 
cally observed during corrosion (4). With the apparent 
slow corrosion processes seen here, the amount of metal 
oxides that might accompany charge injection is probably 
not toxic. 

New multichannel stimulators will provide stimulating 
alternatives with electrode designs, previously unavail- 
able, such as biphasic stimulating wave forms (31). Such 
capabilities allow for 1) optimizing individual electrodes, 
2) limiting the stimulation field with bipolar electrode con- 
figurations and 3) reducing the rate of electrode corrosion 
with biphasic stimulation. For example, we observed ef- 
fective stimulation with bipolar, but not monopolar, stim- 
ulation with direct bladder stimulation in an animal model. 
The monopolar configuration consisted of using a distant 
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positive electrode and a negative electrode located on the 
bladder wall. This configuration was not effective due to 
the pain response and skeletal muscle contraction along 
the animal's back. The bipolar configuration consisted of  
placing both the positive and negative electrodes on the 
trigone region of  the bladder. It was effective with few 
side effects (31). Advances in stimulation, however, re- 
quire electrode materials capable of withstanding the an- 
odic pulsing necessary for bipolar stimulation. As elec- 
trode materials, 316LVM and MP35N offer the mechan- 
ical strength required for bipolar stimulation. In addition, 
316LVM is readily obtainable as well as being inexpen- 
sive. However, a major concern with bipolar stimulation 
is the susceptibility of  the electrode to pitting corrosion. 
Based on our findings, the MP35N electrode is more sus- 
ceptible to pitting corrosion due to pulsing. As a result, we 
recommend using a 316LVM electrode for FNS applica- 
tions requiring bipolar stimulation. However, charge in- 
jection levels should probably be kept below 40 ixC/cm 2. 
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