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Abstract—We present experimental findings regarding
variability and stability of the electrical impedance properties
of medical grade stainless steel needle electrodes in vitro.
Monopolar impedance spectra (1 Hz to 1 MHz) were mea-
sured and scanning electron microscope images were
obtained for five needle types with active electrode area
from 0.28 to 0.7 mm2. A saline tank (0.9%NaCl) was used as
tissue model. Measurements were done before and after
electrolytic treatment with anodic and cathodic DC currents
of 1 lA. With active electrode areas below 1 mm2, high
influence from electrode polarization impedance (EPI) was
expected at low frequencies (LF). For higher frequencies
(HF) the EPI decreases and the impedance of the surround-
ing tissue is more pronounced. The hypothesis tested was
that the EPI at LF would depend upon contact area, alloy
composition, surface structure, and treatment of the active
electrode, and at HF upon the electrode area geometry, and
the specific resistivity of saline. Our results show large
differences in electrical properties between needle types. After
electrolytic treatment the EPI decreased. After 5–48 h of
saline exposure the EPI increased, both for treated and
untreated needles. Cathodic treatment gave lower impedance
and drift than anodic or no treatment.

Keywords—Electrical properties, Medical grade, In vitro,

EMG-electrodes, Long-term stability, SEM.

INTRODUCTION

In treatment of acute cardiac arrest, physicians need
fast vascular access. In an ongoing project aiming at
developing better tools for quick and effective vascular
access we use medical grade stainless steel (MGSS)
needle electrodes to locate the blood vessels based
on impedance guided needle positioning.15 The use
of needles and other sub-mm2 electrodes have long

traditions in anesthesia,23 neurology,3,4 and cardiol-
ogy,24 and miniaturization of electrodes has increas-
ing relevance in development of new applications
today.12,15,22 Clinicians and others using small elec-
trodes for measurement or stimulation in tissue or
suspension, have to take great care in using electrodes
with proper characteristics. The quality and repeat-
ability of the measurement or treatment is dependent
on the electrode properties. Butson4 concludes:
‘‘Electrode impedance has a substantial effect on the
volume of tissue activated and accurate representation of
electrode impedance should be an explicit component of
computational models of voltage-controlled deep brain
stimulation.’’ Merrill20 has also discussed impedance
and patient safety during electric stimulations.
Important factors that determine the electrode prop-
erties are type of material,21 contact area,15 roughness
factor,1,13 geometry (Merrill et al.;20 Schwan, p. 28626),
and surface treatment3 of the active electrode area.
These factors will be the same for electrodes used both
for measurements and stimulations, but the experi-
enced impedance of the electrode system will be highly
dependent of the excitation signal. For stimulation the
excitation signals often are pulses driving the electrode
system into non-linear operation. A typical signal can
be a square pulse, which typically is monophasic with
relatively high amplitude.20 Such a signal will see a
totally different impedance, compared to that mea-
sured with small signal (amplitude) sinus excitation.8,26

In context with our application15 the present study was
limited to small signal responses due to sinus excitation
within the linear region.8,26

Other investigators6,8,17 have pointed out that
stainless steel alloys can change electrode properties
during use. Johnson et al.14 have showed that the
impedance of iridium microelectrodes can be reduced
to less than the half after electrolytic treatment,
Buchthal and Rosenfalck3 passed current though
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stainless steel needle electrodes to reduce the imped-
ance, and Wiechers et al.27 have reported decreased
impedance after storage in saline containing a wetting
agent. In a previous study,15 we discovered such
changes in impedance after cathodic current treatment
for two types of MGSS needles (types 1 and 5).
To elaborate these findings and learn more about the
variability in properties we here present further inves-
tigations on these needle types and three other types
of commercial MGSS needle electrodes. In the
previous study, we also found dominance of tissue
specific properties above 10 kHz (HF). Below 10 kHz
(LF) the measurements on the present needle elec-
trodes were highly dominated by electrode polarization
impedance (EPI). The change in properties after
cathodic treatment was different for the two needle
types. With five different needle types from four
manufacturers, we could get an indication about
common property variation for MGSS needle elec-
trodes in a monopolar setup.

Our initial hypothesis was that the prospective
differences in the EPI that dominated the LF imped-
ance, would be caused by differences in active electrode
area, electrolyte, alloy composition, surface structure,
and treatment of the active electrode. The HF imped-
ance was expected to be dominated by the frequency-
dependent resistivity and permittivity of the tissue.
If this was the case the resulting impedance could be
defined by the specific impedance and the measured
area of the tissue.11 Saline (0.9% NaCl) has pure
resistive properties up to very high frequencies
(600 MHz)5 and can be used as a tissue model with
constant specific resistivity below such frequencies.
Hence, our second hypothesis was that all differences
found in saline at HF could be explained by differences
in the geometry of the active electrode area.

Electrode properties were compared between new
needles, after storage in saline and after different
electrolytic treatments. To our knowledge such results
are not sufficiently described in the literature, although
they are very important for clinicians and all others
using stainless steel electrodes in electrophysiology or
impedance measurements.

For use in our application we needed a spatial
sensitivity within a suitable range. The spatial resolu-
tion must be high enough to discriminate tissue vol-
umes in the same range as the vessels we are looking
for. But if the resolution is too high a small blood filled
capillary, e.g., within a muscle volume can be misin-
terpreted as a vessel.

A trade off between high resolution and EPI must
also be considered. In a monopolar setup the current
density will be highest adjacent to the active electrode
surface and fall with distance from this. Thus, the
measured impedance will be dominated by the vicinity

of the active electrode and reflect some kind of aver-
aging over the tissue in this volume.18 A smaller active
electrode area will give a higher spatial resolution,11,25

but at the same time the EPI will increase due to the
inverse proportionality to the electrode radius.

While using needles we should also keep in mind
that for sharp edged electrodes the shape can
have large influence on the current density and how
this is distributed over the electrode–tissue interface
(Grimnes and Martinsen, ch. 6.3.4 & 6.3.511; Woo
et al.28), and that this will influence on how the sensi-
tivity is distributed over the active electrode area.

Kalvøy et al.15 showed the feasibility for discrimi-
nation of tissue using needle types 1 and 5, and the
wanted spatial resolution for our application was
obtained using an active electrode area of 0.3 mm2

(needle type 1).
Stainless steel is essentially low carbon steel con-

taining chromium at 10% or more by weight. Medical
grade stainless steel 304 are defined by international
standards as Fe, <0.08% C, 17.5–20% Cr, 8–11% Ni,
<2% Mn, <1% Si, <0.045% P, and <0.03% S. As
other stainless steel grades the 304 also comes in dif-
ferent ‘‘subgrades’’, e.g., 304L (low C), 304H (high C),
and more specialized 304DDQ (deep drawing grade).
To test our hypothesis we needed the alloy specifica-
tion for our electrodes, but this was not sufficiently
available for all needle types. With a Scanning Electron
Microscope (SEM) we could get both high-resolution
images of the surface structure, and estimate the alloy
composition in a back scattering analysis.

At this stage of the project, we have examined the
differences in commercial available MGSS electrodes.
The results from this study will be used to find the best
suited needle electrode for further development of our
application.

MATERIALS AND METHODS

Needles

In this study we used five commercial types of
insulated needle electrodes (active electrode). The
needles were insulated except for the active electrode
area determined by the exposed tip. Needle types 1, 2,
3, and 4 were solid with conical tip (Figs. 4–7), and
type 5 was hollow with a bevel tip (Fig. 8). All needle
manufacturers (distributors) were through email cor-
respondence asked to define the type of material used
(steel and insulation) and if any surface treatment was
done to the active electrode area. All manufacturers
specified the use of ‘‘Medical Grade Stainless Steel’’
(MGSS) and some also specified the AISI-grade
(American iron and steel institute, all of these were
304). The insulation of needle types 1, 2, 3, and 4 was
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given as Teflon (PTFE). No specification was given for
the insulation of needle type 5. Geometrical specifica-
tions of the needle types are given in Table 1.

To investigate how the measured impedance prop-
erties were dependent on shape and surface structure of
the active electrode area, SEM images with different
magnification were taken of the needles. Alloy com-
position was also determined by using the SEM in
‘‘back scattering mode.’’ One sample of each needle
type was used for this. They were randomly picked new
needles not used in any of the measurements.

Treatments

We used 21 needles of each type, in total 105 nee-
dles. The needles were organized in seven groups of
three needles. Group 0 was untreated. Group �1 was
given �1 lA in 1 min (the needle was connected to
the negative pole of the current source for cathodic
treatment), group �2 were given �1 lA in 2 min and
group �3 were given 1 lA in 3 min. In the same way
group 1, 2, and 3 were given +1 lA in 1, 2, and 3 min,
respectively (needle connected to the positive pole for
anodic treatment). All these treatments were done in a
specially designed saline filled electrolytic cell (treat-
ment cell), with similar properties as the measurement
cell described in the next section. Between measure-
ments all needles (also group 0) were kept in a saline
filled storage cell with the tip and part of the insulation
submerged in the saline.

Measurement Setup

All needle electrode measurements were 2-electrode
(quasi-monopolar) measurements of complex imped-
ance done with a Solartron 1260/1294-system. Fre-
quency sweeps from 1 Hz to 1 MHz at constant
voltage (30 mV rms) were performed with four fre-
quencies/decade. With these specifications the Solar-
tron used approximately 1.5 min for each scan. Data
interpretation and presentation were done according to
a series/impedance model. The measurements were

done in a specially designed measurement cell (Fig. 1).
This was a 83 mm high, 68 mm inner diameter, stain-
less steel cylinder covered with Plexiglas (5 mm thick)
at both ends. By filling the cylinder with saline to a
level 10 mm from the top, we had a 73 mm high
cylindrical counter electrode. A hole was drilled in the
Plexiglas on the top. An additional piece of Plexiglas
was then mounted to support the needle in a vertical
position in the cylinder. This fixed the lead connector
and the first 10 mm of the needle in air. The rest of the
needle length (length in Table 1 minus 10 mm) and the
active electrode tip were fixed in saline in the cross-
sectional center of the cylinder. The cylinder then
served as a saline tank and counter electrode.

The inner diameter of 68 mm gives a counter elec-
trode area of 15.6 cm2. Compared to the active area
of the needle electrode this was much larger, and the
inside of the cylinder hence served as an Indifferent
Electrode (IE). The monopolarity of the setup was
tested by estimating the relative contribution from the
IE on the total measured impedance. This was done by
measuring the impedance of the IE in a temporary
3-electrode setup.10 In these measurements the IE was
altered to be the measured electrode. A cylindrical
stainless steel current carrying (CC) electrode (approx.
3 cm2) was added in the middle of the measurement

TABLE 1. Needle types used in the present study.

Type Name Company Length 9 diam. (mm) Active area (mm2)

1 Disposable monopolar needle electrode Medtronic Inc., Minneapolis US 37 9 0.33 0.3

2 Disposable monopolar needle electrode Medtronic Inc., Minneapolis US 50 9 0.40 0.3

3 TECA Needles disposable monopolar

needle electrode

VIASYS Healthcare, Surrey UK 37 9 0.36 0.28

4 Pirouette, disposable EMG Needle Technomed Europe, Beek Netherlands 40 9 0.35 Not given (0.5)

5 Stimuplex A B.Braun Melsungen AG 50 9 0.7 Not given (0.7)

All needles were specified as Medical Grade Stainless Steel (MGSS). Insulation of types 1, 2, 3, and 4 was given as Teflon (not given for type

5). Needle types 4 and 5 had no given area. The area given in parenthesis is our rough estimate from measurement through a microscope

and basic geometrical consideration.

FIGURE 1. Cylindrical stainless steel measurement cell (Ø 5
68 mm, height 5 83 mm) filled with 73 mm saline. The upper
cover contains an additional piece of Plexiglas for keeping the
needle electrode in the cross-sectional center. (a) Schematic
drawing; (b) Image of the used measurement cell.
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cell, and a cylindrical stainless steel reference electrode
(approx. 0.4 cm2) was placed in half way between the
IE and the CC. Frequency sweeps showed that the IE
impedance persisted below 1% of the total impedance
in the initial 2-electrode setup (Fig. 1), throughout our
frequency range.

All impedance measurements were done with a
controlled voltage excitation signal of 30 mV rms. If
the excitation voltage is chosen too high, the mea-
surement can be done outside the linear region and the
measured impedance will then be dependent on the
amplitude of the excitation signal. An increased exci-
tation signal will in that case give decreased imped-
ance.8,26 Sweeping the excitation amplitude during
impedance measurement was done to test the linearity
of our electrode/saline setup. From this pilot test we
found that 30 mV was well within the linear region,
and still gave measurement with very low noise.

To minimize influence from temperature drift5,9 all
measurements and storage of saline and equipment
were done in controlled room temperature 23.4 ±

0.7 �C. With a temperature coefficient for saline of
2–3%/�C the error due to temperature drift would be
approx. ±2%.

To avoid differences due to the filling of saline inside
the different needles of type 5, all these needles were
completely filled with saline and the pre-attached
extension tubing was clogged by a knot to make it as
short as possible.

At experiment start-up all needles were new and the
sterile sealing was not broken until just before the first
measurement of each needle. An initial measurement
was done on all new needles. The needles in group 0
were moved directly to a saline filled tank (the storage
tank) which ensured that the active electrode areas of
the needles were kept in saline. All other needles were
immediately after the first measurement moved to the
treatment cell and given the specified electrolytic
treatment. As soon as the treatment had been done
each needle was moved back to the measuring cell for

the second measurement (not group 0). After these
initial measurements and treatments, all needles were
stored in the storage tank. The total time of the mea-
surement/treatment sequence for a needle can roughly
be estimated by adding 2 min for each frequency scan
to the specified treatment time (e.g., 5 min for group
�1). To minimize the time between the measurements
before and after treatment, each needle went through
all these steps to the storage tank before the next
needle was unwrapped. After 5, 24, and 48 h in the
storage tank, additional measurements were done with
the needles temporarily moved to the measuring cell.

RESULTS

New Needles

During the measurements on new needles, two
needles of type 2 and one of type 5 temporarily lost
contact in the connection lead. The same happened
with one needle of type 2 during the first measurement
after treatment. All these measurement are removed
from the data set in all analysis. Thus, the number of
needles (N) in Table 2 is not 21 for all needle types.

Student t test gave significant differences (p< 0.001)
between all needle types at all frequencies except for
the needle types 1, 2, and 3 at the two highest mea-
surement frequencies (0.56 and 1 MHz).

The impedance spectra averaged for all new needles
showed a clear increase in the modulus (Fig. 2) as the
frequency decreased below 100–200 kHz for types 1
and 2, and below 10–20 kHz for needle types 3, 4, and
5. This shift along the frequency axis of about one
decade for types 1 and 2 compared to the others was
also seen in the phase plot (Fig. 3). This was expected
since a valid measurement must follow the Kramers–
Kronig relation.11

SEM was utilized both to provide images of
different magnifications and to determine the alloy

TABLE 2. Average modulus (|Z|) and phase angle (u) at three frequencies for all new needles sorted by needle type.

Needle type (N)

1 MHz 10 kHz 1 Hz

|Z | (X)

(STD X/%)

u (Deg)

(STD Deg/%)

|Z | (X)

(STD X/%)

u (Deg)

(STD Deg/%)

|Z | (X)

(STD X/%)

u (Deg)

(STD Deg/%)

1 (21) 312 (18/6) �31 (3.4/11) 3551 (1059/30) �77 (1.9/2) 7.87 M (2.04 M/26) �71 (1.9/3)

2 (19) 333 (40/12) �31 (4.2/14) 2271 (882/39) �66 (4.1/6) 3.42 M (874 k/26) �69 (3.3/5)

3 (21) 290 (24/8) �22 (4.1/19) 572 (102/18) �52 (3.0/6) 2.59 M (555 k/21) �80 (0.5/1)

4 (21) 173 (5,0/3) �9 (1.7/19) 307 (51/17) �47 (2.6/6) 765 k (93.0 k/12) �78 (2.0/3)

5 (20) 249 (4,5/2) �9 (1.3/13) 432 (59/14) �35 (3.4/10) 113 k (49.5 k/44) �54 (13.2/25)

Standard deviation values in ohms and percent of mean are given in parenthesis for all measurements. Number of measurements is given in

parenthesis for each needle type.
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composition of the needles. The results from the back
scattering are given in Table 3.

Figures 4, 5, 6, 7, and 8 show images at 10009

magnification to illustrate the shape of the needle tip,
and 15,0009 to get an overview of the surface structure
of the active electrode area.

After Treatment

The response for each needle type to different
treatments and storage in saline is given in Table 4.
The saline (tissue) properties are easiest seen in the HF
range of our measurements, so the frequencies above
10 kHz are very important in our application. But
since we are here using a saline model with known
resistivity5 for investigating electrode properties, we
have chosen to reduce the data set by focusing on 1 Hz

and 10 kHz. At these frequencies the differences
in electrode properties are more prominent. For
frequencies around 10 kHz we have a transition zone

FIGURE 2. Average modulus (|Z|) at all measurement frequencies of all new needles sorted by needle type.

FIGURE 3. Average phase angle (u) at all measurement frequencies of all new needles sorted by needle type.

TABLE 3. Alloy composition for each needle type,
determined by SEM in back scattering mode.

Needle type

Normalized weight distribution (%)

Fe Cr Ni

1 71.4 20.6 8.0

2 71.8 20.7 7.5

3 70.6 20.8 8.6

4 71.4 21.2 7.4

5 70.6 21.4 8.0

The measurement focused on the main components and is nor-

malized to 100%. (Purity variables given in maximal concentration

in the MGSS tables were not counted in the measurement.)
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where the dominance of the measurements goes
from EPI to saline (Figs. 2 and 3) or tissue,15 and
at our lowest frequency (1 Hz) we have the total
dominance of EPI.

DISCUSSION

The results presented in this study revealed
large differences in properties between the investigated

FIGURE 4. Needle type 1.

FIGURE 5. Needle type 2.

FIGURE 6. Needle type 3.

KALVØY et al.2376



needle types. This applied both for new needles, and
in how they responded to electrolytic treatment and
long-term exposure to saline. Our conclusions are
based on analyzes of these results in the context of our
hypothesis.

New Needles

As described earlier the electrode sizes (Table 1) were
chosen for optimal sensitivity. The active electrode
areas were from 0.28 mm2 to about 0.75 mm2. Needle

FIGURE 7. Needle type 4.

FIGURE 8. Needle type 5. Due to the deviant shape of this needle type we include an image of approx. 1003 magnifications for
better overview of the needle tip shape.
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types 4 and 5 had considerably larger active electrode
area than types 1, 2, and 3. But as seen in Fig. 2 the
impedance properties did not univocally reflect this.
The needles with comparable size (types 1–3) showed up
to 10-fold differences in resistance at 1 Hz, and the
difference from smallest (type 3) to the larger needle
electrodes (types 4 and 5) was not very pronounced.
(Resistance is not tabulated, but can be calculated from
the modulus and phase in Table 4. For needle type 1
resistance and reactance specters are plotted in Kalvøy
et al.16) Our results are in accordance with Wiechers
et al.27 They measured |Z| = 1380 kX at 10 Hz on a
needle of same brand as our type 3. Our measurement
(Fig. 2) gave an average modulus at 10 Hz of approx.
300 kX for this needle type. With a difference in elec-
trode area of approx. four times, this was not far from
what we could expect. To determine the active electrode
area they used a current excitation to create bubbles on
the surface of their electrodes. They also found a 0.95%
decreased modulus (69.7 kX) after ‘‘soaking’’ in saline
containing a wetting agent. Since they do not describe
the type of wetting agent nor the time or amplitude of
their current excitations, a further discussion of their
results in our context is not done.

At high frequencies we expected the electrodes to
behave more like ideal electrodes. By ideal we here
meant an electrode that transfers a measurement cur-
rent lossless into the tissue, not interfered by EPI or the
uneven current density caused by sharp edges on the
active electrode area. If this was the case the impedance
would be defined by the purely resistive properties of
the saline5 and the geometry of the electrode, and our
HF hypothesis would be confirmed.

For some simplified cases the relation between R
and electrode size can be found analytically. By
approximating the active electrode to an ellipsoid of
revolution model, the resistance (R) of the needle tip
inserted from the surface is given by Grimnes and
Martinsen11:

R ¼ q
2p

ln 4L
d

L
L� dð Þ ð1Þ

where d is the diameter, L is the length of the tip (half
long axis), and in our case q is the resistivity of the
saline. If the model is a whole ellipsoid deep into an
infinite volume conductor, the value of R is halved.
Our setup was a half ellipsoid deep into a large
conductor. Hence, the correct R will probably be
something in-between the two models. Since our aim
here was comparison of needle types through relative
ratios of R, all constants would cancel and the equa-
tion above most probably could give us a reasonable
estimate.

Needle types 1, 2, and 3 had almost similar active
electrode areas (Table 1). The average modulus at

1 MHz was between 290 and 333 X (Table 2) and there
were no significant differences (p = 0.05–0.9) for these
needle types. As expected the larger electrodes (types 4
and 5) had lower impedance modulus at 1 MHz
(Table 2) (significance p< 0.001). Figure 3 shows that
the phase shift was noticeably higher at HF for needle
types 1 and 2, compared to the others. In a t-test we
found that the reactance (X) was the factor with largest
differences between needle types and R is the factor
with least differences.

Needle types 1, 3, and 4 have a diameter of approx.
0.35 mm (Table 1). The length of the tip is not given,
but from visual inspection in microscope the length is
measured to approximately 0.6 mm for needle types 1
and 3, and 1.3 mm for type 4. Insertion in Eq. (1) gives
an expected resistance ratio (r) between type 1 (or 3)
and type 4 of r = 1.55. The average measured R at
1 MHz (calculated from Z and u in Table 2) for needle
type 4 was 171 X and the average of types 1 and 3 was
almost the same at approximately 268 X. This gave the
ratio 1.57 which was close to the expected. These rough
estimates confirmed the hypothesized relationship
between the electrode geometry and measured resis-
tance at 1 MHz in saline, but the large phase shift (u in
Table 2) revealed a higher influence from the reactance
component than expected. Figures 2 and 3 showed
typical patterns for a system of EPI in series with an
electrolyte or tissue.2 The EPI in such a setup is com-
monly modeled by an element according to Fricke’s
law,7,26 with a relatively large phase shift that was
reduced as the frequencies increased into the range that
was dominated by the resistivity of the saline. For
needle types 3, 4, and 5 the phase shift was reduced to
about �10� at some hundred kHz, before the negative
phase shift increased again as the frequency increased
toward 1 MHz. The increased phase shift could most
probably be explained by influence from capacitive
current paths through the insulated shaft of the
needles15 and stray capacitances at the highest fre-
quencies. Traces of the same pattern could also be seen
for needle types 1 and 2, but the negative phase angle
never became smaller than �25�, and the stable level in
the modulus that could be expected for saline at HF,
was not fully reached in our frequency range.

One interpretation of this can be that the geomet-
rically dependent resistance of the saline dominated R,
but the significant differences in X and the large neg-
ative phase shift indicate that some of the needles had
noticeable influence from EPI even at frequencies up to
1 MHz. As described above, influence from needle
insulation and stray capacitances can be expected at
frequencies in the MHz range. Hence, a frequency
range where we solely could measure the resistivity of
the saline, uninfluenced by EPI or stray capacitance,
could not be found for some of these needle types.
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At lower frequencies the differences for some of the
needles were above 10-fold. Even for the needle types
1, 2, and 3, with approximately the same size and
shape, the differences were up to 3-fold (Fig. 2). Since
these differences were of a larger magnitude and not in
accordance with the differences in active electrode
area, as discussed for HF above, we concluded that
other characteristics and not only the size, made
significant contributions to the LF impedance prop-
erties of these medical grade stainless steel needle
electrodes.

Different electrode properties are seen due to
metal type. Mirtaheri et al.21 found up to 10-fold
differences in resistance between identically shaped
electrodes made of aluminum and medical stainless
steel. From our earlier findings of different properties
for MGSS electrodes,15 there was good reason to test
the hypothesis that the differences found could be
explained from differences in alloy composition. As
the MGSS comes in sub-grades and they are defined
as compositions within a given percent range of ele-
ments, we decided to do our own estimation of alloy
composition. Our results in Table 3 gave only about
1% differences in amount of Fe, Cr, and Ni for the
used needle types are tabulated in Table 3. The result
was much more homogenous than we expected, and
we decided to regard the hypothesis as rejected
without further discussion of what differences in
impedance we could expect within these variations or
the accuracy of the measurement.

The EPI is inversely dependent of active electrode
area, and in the low frequency range the tissue
impedance is buried in EPI, and Fig. 2 shows how the
EPI decrease with increasing frequency. Even if
the EPI can be shown to be tissue dependent,15,26 the
needle with the largest range of tissue-dominated
impedance measurements will probably give the best
results in tissue discrimination.

The needle type 3 has a slightly smaller active
electrode area than the types 1 and 2. From this we
should expect that the needle type 3 had higher
impedance than types 1 and 2, but the results in Fig. 2
showed the opposite. The modulus at 10 kHz
(Table 3) was four times higher for the average of
needle type 2 compared to the average of type 3, and
the average of needle type 1 was even higher than type
2. This could be due to poor correlation between the
real electrode area and the area given by one or both
manufacturers, or by other differences in surface
properties. Both producers said that no specific sur-
face treatment was done. Even if the difference is not
due to electrode material, the microstructure of the
electrode surface, sterilization,19 and other processes
that the electrode is exposed to, can cause differences
in impedance properties. The structure of the electrode

surface is often described in terms of roughness fac-
tor,1 or differences in the real (fractal) area vs. the
macrogeometrical area of the electrode (Brummer and
Turner1; Merrill, p. 18620). The SEM images in
Figs. 4–8 show needle shapes at 10009 magnification
and the surface structure at 15,0009 magnification for
the needle types used.

As seen in the images there were large variations in
surface roughness among the needle types. The only
difference between needle types 1 and 2, from the same
manufacturer, was that needle type 2 seemed to have
more impurities than type 1. Since only one randomly
picked sample was investigated, this could only be
occasional or just due to a different production batch.
Needle type 3 had small groves as if they were ground.
Non-exact quantization of the difference in surface
area between the needle types were done, but from
visual inspection of the SEM-pictures we concluded
that the differences between needle types 1, 2, and 3,
constituted less than a doubling of the real surface
area. Hence, the surface structure could not sufficiently
explain the differences in impedance modulus of up to
above 3-fold, which was seen for these needle types in
Table 4 and Figs. 2 and 3.

The geometrical area of needle type 4 was almost
the twice that of needle types 1, 2, and 3 (Table 1), and
Fig. 7 showed that needle type 4 had a much higher
roughness factor than these needle types. Compared to
types 1, 2, and 3 we could expect much lower measured
impedance for this type, caused by the high-real elec-
trode area. Compared to types 1 and 2 the difference
was about what we could expect (Table 4), both new
needles, after treatment and after saline exposure, both
at 1 Hz and 10 kHz. But for new needles at 10 kHz the
modulus of type 4 was approx. the half of type 3. This
difference was much less than expected, and indicates
that factors not discovered by the methods of this
study, have important influence on the electrode
properties. After saline exposure the impedance of
needle type 3 drifted and the differences increased to a
level more like the expected. From these findings we
must expect that differences due to oxidization or other
chemical processes also contribute to the measured
differences.

Figure 8c shows that needle type 5 is hollow, and
in the lower right corner of Fig. 8a and the upper
right corner of Fig. 8b, we can see that the inside is
uninsulated and has a very high roughness factor.
This uninsulated inside of the needle will constitute
an enlargement of the active electrode area, but the
saline on the inside of the cannula gives gradually
increased series resistance to the areas situated further
into the cannula. This will give a distributed shielding
and most probably constant phase properties for
this area. We suggest this as the most important
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contributor to the low phase shift seen at LF in Fig. 3
for this needle type.

Treatment

DC stimulation using a large current is efficient for
transferring a significant amount of charge in short
time, but if the current density is too high reduction of
the aqueous solution and bubbles will occur at the
electrode surface. In pilot tests we obtained sufficient
charge transfer without development of bubbles by
using 1 lA stimulation current. In Table 4 we found
large differences between the needle types after elec-
trolytic treatment and long-term exposure to saline.
The needle type 1 had highest impedance modulus as
new, both at 1 Hz and 10 kHz. All needle types had
decreased impedance after cathodic treatment (groups
�1, �2, and �3). Types 1 and 2 also had a large
reduction in modulus after anodic treatment (groups 1,
2, and 3), but the resulting impedance was about
double compared to the cathodic. Type 4 was the only
type with lowest modulus after anodic treatment.
Needle types 3 and 5 had only minor response to the
electrolytic treatment, with a small reduction of the
impedance after cathodic treatment (both at 10 kHz
and 1 Hz, but smallest at 10 Hz). The anodic treat-
ment surprisingly gave increased impedance at 10 kHz;
which is the opposite of what we found for the other
needle types.

Needle type 4 was the most stabile after saline
exposure. Except for a decreased modulus for group 0
after 5 h in saline, there was no significant drift in
impedance properties for this needle type. Group 0 of
needle type 1 also had a decreased modulus after 5 h in
saline, but the rest of the groups (type 1) had
unchanged or increased impedance after 5 h. Despite
of an approx. 50% increase in the average modulus at
10 kHz for needle type 5 after 48 h, this type had quite
stable properties. The modulus for needle types 1, 2,
and 3 increased during all three exposure periods and
ended up at about the twice or higher after 48 h, both
for 1 Hz and 10 kHz. The cathodic treated groups (�1,
�2, and �3) had significantly lower modulus after 48 h
than the anodic treated groups (1, 2, and 3). The low
modulus of group �3 and the high modulus of group
3, indicates that the time of the treatment was signifi-
cant. A summary of these findings can only be that
MGSS needles respond very differently to electrolytic
treatment or saline exposure, and that each type of
such electrodes should be properly tested if reproduc-
ible results of high quality are needed.

For further development of our application we
ended with needle type 3, due to the favorable
combination of impedance properties and spatial
sensitivity. Needle types 1, 2, and 3 had active electrode

size giving the optimal spatial sensitivity for our
application,15 and needle types 3, 4, and 5 had the best
suited impedance properties. Since impedance mea-
surements require an excitation current, the stability
due to flow of current (electrolytic treatment) was seen
as a favorable property.

Limitations of the Study

Our measurements were done in saline at room
temperature and not in tissue at 37 �C. The measured
impedance does not comply directly with what we can
expect in a clinical application at body temperature.
Temperature drift according to the temperature coeffi-
cient of saline and differences in influence on electrode
properties between saline and tissue must be consid-
ered. For example, exposure to proteins or immuno-
logic responses cannot be modeled in saline.

Short-term processes were not investigated. The
shortest period of saline exposure was 5 h. Some of the
needle types had about doubled their impedance in this
period. Hence, further short-term investigations should
be done. Manipulation of electrode surfaces by elec-
trolytic deposition [e.g., silver or platinum (Grimnes
and Martinsen, pp. 256–25711)] are well known pro-
cesses involving significantly higher current densities
than those used in this study. Such methods are rele-
vant for special design of electrodes for further appli-
cation, but at this stage we have limited the study to
commercial electrodes in a saline tissue model using
1 lA current. The interpretation of the results must be
based on differences in the local current density during
the electrolytic treatment. One micro ampere gives
different current density for different active electrode
areas.

Needle electrode manufacturers use different meth-
ods in production and treatment of their electrodes.
We here used SEM to obtain images with high reso-
lution of one randomly picked needle of each type.
This was done to get an overview of typical differences
in shape and structure to expect from different pro-
duction methods. Uneven processing or typical varia-
tion within same type and brand cannot be found, but
such differences are most likely smaller than the dif-
ferences due to production method. To obtain more
quantified details of the surface structure we hope to
use an atomic force microscope in further studies, but
for an overview of shape and structure the SEM
images was seen as sufficient at the present stage.

CONCLUSION

Experimental results showed large variations in the
impedance properties of medical grade stainless steel
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needle electrodes, both on new needles and as a
response to electrolytic treatment or exposure to saline.
Our investigations showed that the condition or
treatment of the active electrode area is crucial. After
electrolytic treatment the EPI decreased. After 5–48 h
of saline exposure the EPI increased, both for treated
and untreated needles. Cathodic treatment gave lower
impedance and drift than anodic or no treatment.
Differences in electrode size, roughness or alloy com-
position cannot alone explain the measured differ-
ences. Thus, great care should be taken to obtain
reproducible results of high quality. Actual stainless
steel electrode types should be properly tested before
use. The needle type 3 was best suited for further
development of our application.
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