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Neural Electrode Array Based on Aluminum:
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Abstract— A unique neural electrode design is proposed with
3 mm long shafts made from an aluminum-based substrate.
The electrode is composed by 100 individualized shafts in a
10 x 10 matrix, in which each aluminum shafts are precisely
machined via dicing-saw cutting programs. The result is a
bulk structure of aluminum with 65° angle sharp tips. Each
electrode tip is covered by an iridium oxide thin film layer
(ionic transducer) via pulsed sputtering, that provides a stable
and a reversible behavior for recording/stimulation purposes,
a 40 mC/em? charge capacity and a 145 @ impedance in a
wide frequency range of interest (10 Hz-100 kHz). Because
of the non-biocompatibility issue that characterizes aluminum,
an anodization process is performed that forms an aluminum
oxide layer around the aluminum substrate. The result is a
passivation layer fully biocompatible that furthermore, enhances
the mechanical properties by increasing the robustness of the
electrode. For a successful electrode insertion, a 1.1 N load
is required. The resultant electrode is a feasible alternative to
silicon-based electrode solutions, avoiding the complexity of its
fabrication methods and limitations, and increasing the electrode
performance.

Index Terms—Invasive electrode, recording, stimulation,
iridium oxide, aluminum, electrode array, sharp tips.

I. INTRODUCTION

HE ability to access deep areas of the brain to record the

electrical activity or to perform functional stimulation is

a key feature to understand the neurophysiological processes
and to restore nervous system’s lost functionalities [1].

This became possible with the development of neural inter-

faces. They have been designed to establish a connection

between the neurons (electrically active cells of the nervous
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system) and the electronic system that handles the biopoten-
tials. One may find neural interfaces in limb prostheses for
spinal cord injury and stroke, bladder prostheses, cochlear
auditory prostheses, retinal and cortical visual prostheses,
cortical recording for cognitive control of assistive devices,
and deep brain stimulation for essential tremor in Parkinson’s
disease [2].

In order to establish a neural interface it is necessary to
transduce a signal between the electrical domain (electronic
circuit) to the biological domain (neurons) and vice-versa. This
is accomplished using an electrode in which a charge trans-
duction occurs between the electrons species of the electrode
material and the ions species of the electrolyte.

Nonetheless, the neural electrodes differ from the standard
biopotentials electrodes. The neural solutions are known to
be invasive, of small size, and multichannel. One can define
a set of features that neural electrodes should comply with,
namely: electrodes should remain stable for long periods of
time; its cross section should be as small as possible in order to
displace or damage as little tissue as possible during insertion;
and the implantable electrode should have a large density of
transduction ports to interface with different neurons.

In this neurophysiologic field, two neural electrodes designs
stand out: the Michigan probe [3] and the Utah probe [4].

The Michigan probe is a multi-point electrode type.
The electrode is composed by an array of shafts that in
each one, there are several transduction ports individually
addressable. The result is a map of the electrical activity at
multiple depths of the brain (along the shaft depth). How-
ever, this electrode designs presents a fabrication process
highly complex with a low production yield. Furthermore, the
fragility of each shank leads to breaks during the insertion,
and consequently tissue damage [5].

The Utah probe is characterized by an array of shafts, with
a single transduction point at the shafts’ tip. Its fabrication
process is based on the micromachining of silicon wafers via
physical and chemical processes. Depending on the wafer (if
type p or n), exotic processes are required as thermomigration
to establish conductive paths across the wafer [6], or instead,
glass fusion to isolate each shaft from the surrounding shafts in
the same array [7]. Either way, the Utah’s fabrication processes
have strict requirements as high temperature ovens for fusing
glass or even specially designed ovens for the thermomigration
technique. Moreover, it requires the use of wet-etching to
sharpen the shafts’ tips. Overall, these mentioned processes
end up resulting in a low reproducibility rate.
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Fabrication steps: (a) Aluminum substrate; (b) Pads region delimitation; (c) Pads’ groves filling with epoxy resin; (d) Shafts cutting stage; (e) Shafts

sharpening; (f) Shafts cleaning via etching stage; (g) IrO2 thin-film deposition at the shafts’ tips; (h) Electrode passivation.

Moreover, in both approaches a maximum penetration depth
of 1.5 mm has been reported [5].

A new fabrication approach is proposed, using a different
bulk material for the electrode substrate, different techniques
that provide high-production yield, reproducibility, and an
electrode with 3 mm range of depth. The presented electrode
design is made from an aluminum-based bulk substrate, with
iridium oxide (IrO2) as ionic transducer at each shaft tip and
coated with a passivation layer of aluminum oxide. The fab-
rication steps are described in detail and the electrode is fully
characterized (morphologically, mechanically and electrically).

II. ELECTRODE DESIGN

When designing a neural electrode, it is important to
consider the need for a stationary solution, capable of pro-
viding high-spatial resolution interface with the neurons [8]
and reaching several points of interest [9] with increasing
penetration depths. Moreover, due to the invasive nature of
neural electrodes, it becomes imperative, for Chronic applica-
tions, to ensure mechanical, chemical and electrical long-term
stability.

The electrode requirements define the constraints regarding
materials to be used, fabrication processes and overall elec-
trode shape.

The single-channel matrix design has proven to be the most
adequate design for implantable neural electrodes [10] due to
its robustness and flexibility.

The fabrication of the electrode should be compatible with
large-scale manufacturing solutions and therefore, a simple
and highly reproducible process was sought. The two major
techniques selected were a combination of dicing with wet-
etching. By using the dicing with a special designed saw that
presents a wedge shape, it would be possible to establish a
cutting plan that would create the sharp tips and the long
shafts. The wet-etching would only be applied for cleaning
purposes, removing all the scrap material that piles up in the
cuts.

In combination with the fabrication technique, a different
bulk material was selected. Instead of using the standard
silicon wafer, it was decided to use an aluminum piece as
bulk. Aluminum, being a ductile and easy to machine material,
offers some advantages over silicon commonly used in the
production of neural prosthesis. Aluminum is a natural good
conductor, offering very low resistivity (28.2 nQ.m) [11].
This characteristic offers an electrical advantage over doped
silicon, which has been reported to have a resistivity at best

of 50,000 nQ.m [12], which is a difference of 3 orders of
magnitude between aluminum and doped silicon.

However, aluminum has two main drawbacks: non-
biocompatibility and low Young’s modulus. Although alu-
minum is used as body material and conductive channel
for the biopotentials, it is required to coat/passivate it not
only to ensure that no aluminum is in contact with neural
tissue due to toxicity reasons but also to guarantee that only
the tip is performing the signal interface with the neurons
and not the entire shaft. The aluminum ductility may be a
concern, depending on the aspect ratio of the fabricated shaft.
But, since one desires long shafts with low widths, the ductility
may induce the shaft to bend during the insertion. In order to
avoid these two issues, an anodization procedure is proposed.
It is possible to anodize the aluminum, creating an external
coating of aluminum oxide. The result is a covering that not
only is biocompatible and therefore solving the cytotoxicity
issues but that also has a superior Young’s modulus compared
to the aluminum that enhances the structural robustness of the
entire electrode [13], [14].

It is necessary to select the material to perform the ionic
transduction at the shaft’s tip site as neither aluminum nor
doped silicon are able to perform the charge transfer at
the electrode-electrolyte interface. There are several suitable
materials, which include silver/silver chloride (Ag/AgCl) [15],
titanium nitride (TiN), platinum (Pt) [16] and iridium oxide
(Ir02) [17]. Nonetheless, IrO2 has been proven to be one of
the most promising and preferred materials for electrodes [18],
[19] due to its high charge delivery capacity, low constant
impedance over the entire frequency range for neural stimula-
tion and biocompatibility [20].

II1. ELECTRODE FABRICATION

The fabrication procedure for the proposed electrode design
(Figure 1) uses a combination of different techniques, namely:
dicing, polymer deposition, wet-etching and electrolytic pas-
sivation.

The dicing stage comprises a cutting plan to delineate and
to shape the wafer in order to establish the structural shape of
the intended electrode array matrix. The cutting plan is divided
into four sub-stages, all of them performed on a Disco DAD
2H/6T dicing machine, equipped with Disco ZHDG blades
capable of performing 3 mm deep, 0.250 mm wide cuts and
V-shaped grooves. The substrate was an aluminum square
chunk, 99 % pure, 10 mm wide and 5 mm thick.

The first series of cuts is performed on the backside of
the aluminum chunk (Figure 1b) and intends to outline each
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Fig. 2. Definition of the pads regions on the aluminums wafer’s backside.

pad Region. These pads will be the connecting sites for
interrogating each electrode tip. The cuts have a grid profile,
in which the cut is 2.5 mm deep and 1 mm spaced (Figure 2).

Afterwards, the resultant cavities are filled with an epoxy-
resin (Figure 1c) that will serve as electrical insulation between
electrodes in the final structure and will also be the struc-
tural element that provides structural integrity to the elec-
trode matrix and keep it as a whole and single component.
The polymer is slowly laid over the backside center, forcing
the air inside the groves to be pushed out as the polymer
fills the grooves. After the polymer cure, the backside surface
is grinded and polished to remove the excess of polymer,
resulting in a smooth surface.

The epoxy-resin was the selected material due to its high-
level of adhesion to aluminum and chemical resistance.

With the backside defined, the fabrication steps are now
dedicated to creating the sharp shafts (Figure 1d—f).

First, a cut plan is performed to machine a matrix of 3 mm
high and 350 xm wide pillars (Figure 1d). The space between
pillars is in accordance to the distance between pads. In this
case, a 1 mm space was set in order to create a 10 x 10
electrode matrix in a 10 mm wide square aluminum chunk.
Higher electrode densities are possible but it is necessary to
adjust the spacing value.

After the first stage of cuts, the shafts present a straight
square profile that need to be sharpened to facilitate the
implantation. The shafts are sharpened by passing the cutting
blade on the top of the pillar, near its edge.

After the cut, a large amount of aluminum debris piles in
the space between the pillars and in order to clean it, the
electrode is immersed on type-A aluminum etchant at 50°C
for 30 minutes (Figure 1f) [21]. As the etchant also attacks
the shafts’ aluminum, it is therefore necessary to take it into
account and have a wider shaft width that will be thinned
when immersed in the etching bath. The result is a clean
electrode matrix structure of high-aspect ratio shafts as shown
in Figure 3. A detailed view of the final shafts is showed in
Figure 4.

At this point the electrode’s shafts are not yet functionalized.
So far, one has the main electrode body fully conductive but
not able to perform the charge transduction.

In order to deposit the ionic transducer at the shafts’
tips, an aluminum foil was pressed against them exposing
only the very tips. This foil is placed with the aid of two

Fig. 3. Electrode matrix structure after the etching stage.

Fig. 4. Detailed view of a set of the 3 mm long shafts.

fiber glass sheets. The upper sheet has 500 um holes with
1 mm spacing between them, allowing the shafts to pass
through it while the lower sheet has no holes. Control-
ling the distance between these two sheets there are four
precision screws and bolts at each corner. By placing the
foil below the upper sheet and controlling the number of
turns in each nut, the exposed region is precisely con-
trolled.

Prior to the iridium oxide deposition, a thin layer of 50 nm
titanium (Ti) is deposited by DC sputtering. The Ti layer will
promote the adhesion of the iridium film to the aluminum.
The iridium oxide is deposited by pulsed Sputtering in a
3.5 sccm oxygen flow at 180 W (50 kHz).

In the last fabrication stage, the aluminum shafts need to
be passivated via anodizing. The process is performed by
submersing the shafts in a sulfuric acid solution while injecting
a 13 mA/cm? current density through the electrode shafts
(anode) and a platinum electrode (cathode).

A close up image of the aluminum oxide protective layer
can be seen on Figure 5.

IV. RESULTS
A. Morphology

Figure 6 shows the main measurements that define each
shaft tip. The shaft features include a 3 mm high and 250 ym
wide shank, with a square-base pyramidal shape tip with a
65° vertex. In a population of 69 samples the average angle
was 65° with a standard deviation of 5.67°, while the average
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Fig. 5. Anodized shafts cross-section with a detailed view of the aluminum
oxide protective layer.

Fig. 7. SEM image of the IrO2 thin-film (top and cross-section view).

height was 3 mm with a standard deviation of 50 xm. The
average tip radius was of 9 um.

The shaft base is an aluminum block of 0.7 x 0.7 x 0.2
mm?> for a 10 x 10 electrode matrix in a 10 mm square
substrate.

Figure 7 shows in detail the surface and cross-section of the
iridium oxide thin-film deposited at the shaft tip. The images
were obtained by scanning electron microscope technique and
it is possible to identify a grainy structure with a coherent
morphology.

B. Mechanical

The mechanical analysis focused on the load required to
implant the electrode and on the electrode robustness. The tests

IEEE SENSORS JOURNAL, VOL. 13, NO. 9, SEPTEMBER 2013

Fig. 8.

Mechanical test arrangement.

1. 25 i i i i i i i i i

1,00 o
~ 0.75- L
<
-
3

0.50-] L

Penetration
Instant
Full
0.254 o
Insertion
0.00 - T T T T

00 05 10 15 20 25 30 35 40 45 50
Extension (mm)

Fig. 9. Electrode’s implantation mechanical response.

were performed on a Hounsfield H 100 KS dynamometer
equipped with a 100 N load cell and capable of a resolution
of 10 mN. The neural tissue mechanical properties were
mimicked via agar-agar gel (1% solution) [22]. Figure 8 shows
the setup arrangement for the implantation analysis.

The crosshead was set to move at a constant displacement
rate of 30 um/s towards the gel (compressive load), while the
required load was being acquired.

The obtained plot (Figure 9) shows a load increase on the
initial stage while still subjected to the material gel resistance
up to the moment where the electrodes’ tips are able to pierce
the gel. From this moment beyond there is a fast decrease of
the required load to fulfill the entire electrode implantation.
This suggests a bed-of-nails effect during insertion. On the
final stage there is a slightly higher increase slope related to
the material resistance when the electrode was already fully
inserted and the crosshead continued the displacement.

The required load, according to the obtained data, is approx-
imately 1.13 N with a 13 % variation among samples. These
values are similar to results reported in other studies [23].

The electrodes were also removed from the gel after the
test to evaluate their integrity and effect on the gel. None
of the tested samples showed any sign of break or bended
shafts. The pierced holes on the gel seemed to partially recover
from insertion.
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C. Electrical

The electrochemical analysis of the electrodes were
performed on a Gamry Reference 6007Y Potentiostat/
Galvanostat. In an electrochemical cell, with a NaCl solution
(0.9 % by weight), the thin-film of IrO2 that performs the
electrode-electrolyte interface underwent cyclic voltammetry
and impedance analysis.

The cyclic voltammogram (Figure 10) shows a reversible
behavior, with minimum changes after several activation
cycles. The reversibility of the process enables the electrode
to be safely used for stimulation purposes.

Figure 11 shows how the charge delivery capacity changes
along the activation cycles of the electrode, providing a look
on how the electrode would perform along its lifecycle. Due
to the electrochemical reactions occurring in the surface of the
electrode its structure is modified resulting in this variation.
The first cycles led to a fast increase of charge delivery
capacity, which gradually reaches a plateau value.

The general shapes of the impedances before and after
activation of 50 cycles are shown in the Bode plot of Figure 12.
The cutoff frequency which represents the transition from
the capacitive region to the resistive region, shifts to lower
frequencies with activation. Successive activation cycles move
the cutoff frequency further to lower frequencies but, the
effects are not as pronounced.
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Fig. 12. Bode plot before and after activation with 50 cycles.

By lowering the cutoff frequency, the electrode gains a
wider frequency range of low impedance useful for functional
electro-stimulation. This way, the diffusion control plays a
slighter role in impedance behavior of activated samples,
meaning that, at lower frequencies, the electrode impedance
is dominated by the double layer capacitance [24].

On Figure 12’s secondary axis is possible to identify the
behavior of the sample according to the signal frequency.
For frequencies up to 100 Hz, the sample presents a capaci-
tive component, and above 10 kHz it has a inductive com-
ponent. But, for frequencies between 1 kHz and 10 kHz,
the samples are purely resistive, since the theta is null, and in
this frequency range, the impedance value is around 145 Ohm.

V. CONCLUSION

An electrode array with 3 mm long shafts made from an
aluminum based substrate is fabricated.

The aluminum-based substrate proves to be a feasible alter-
native to silicon-based electrode solution by overcoming its
limitations and its fabrication complexity. Nonetheless, it was
necessary to establish a fabrication method capable of precise
machining and to define solution to overcome the aluminum
own limitations: biocompatibility and ductility.

The proposed fabrication procedure proved to be consistent
and reproducible. Moreover, it enables the fabrication of shafts
with heights well above the ones reported in bibliography.

The result was a robust invasive neural electrode matrix
with 3 mm long shafts. The electrode can be easily implanted,
requiring 1.1 N load at its base. The deposition of IrO2 films
as the ionic transducer showed the required performance for
its application, with a consistent reversible electrochemical
behavior, and 40 mC/cm2 charge delivery capacity and a
impedance of 145 Ohm in the same frequency range as the
stimulation protocols.

Overall, the proposed electrode design becomes an eligible
alternative for biopotentials recording and stimulation appli-
cations.
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