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ABSTRACT We have developed a multichannel electrode array—termed µ-foil—that comprises ultrathin
and flexible electrodes protruding from a thin foil at fixed distances. In addition to allowing some of the active
sites to reach less compromised tissue, the barb-like protrusions that also serves the purpose of anchoring the
electrode array into the tissue. This paper is an early evaluation of technical aspects and performance of this
electrode array in acute in vitro/in vivo experiments. The interface impedance was reduced by up to two
decades by electroplating the active sites with platinum black. The platinum black also allowed for a reduced
phase lag for higher frequency components. The distance between the protrusions of the electrode array was
tailored to match the architecture of the rat cerebral cortex. In vivo acute measurements confirmed a high
signal-to-noise ratio for the neural recordings, and no significant crosstalk between recording channels.

INDEX TERMS Biomedical electrodes, brain–computer interfaces, implantable biomedical devices,
microelectrodes, neural engineering, polymers.

I. INTRODUCTION
Neural interfaces that allow stable recordings from neuronal
networks in the awake individual over long periods have the
potential to become major research tools in neuroscience.
However, to reach this goal, a number of key requirements
need to be fulfilled. The neural interfaces must be biocom-
patible; i.e., they must not cause major tissue reactions or
reorganization of the neural networks. They also need to be
anchored close to the target and should be able to record from
several neurons simultaneously.

At present, there are basically three different designs of
cortical neural interfaces for research purposes: Michigan-
like electrodes [1], [2], a flat sword-like shank with flat
metal electrode sites; Utah silicon needle arrays [3], [4],
where each recording sites are placed on the distal end of
a needle and wire electrodes [5], consisting of arrays of
insulated metal wires with an electrode site on the distal end.
A common concern is that the function (signal-to-noise) of
these available neural interfaces often deteriorates over time

after implantation, despite their being made of biocompatible
materials. Another concern is that recordings are usually not
stable over time. A common property of these devices is that
they are relatively rigid and anchored to the skull. It is now
known that this combination of features causes substantial
tissue reactions [6], most likely because of micromotions
between the tissue and the neural interface, which may cause
tissue reactions that result in glial encapsulation. Utilizing
a flexible polymer instead of the rigid materials previously
used in Michigan-like electrodes has to some extent solved
the rigidity problem [7]–[10]. As the contact sites are located
on the shank of these constructions, they eventually become
enwrappedwith the glial scar.Micromotions also cause unsta-
ble recordings, because the distance between the recording
sites and the neurons varies over time.
To overcome some of these shortcomings, we have previ-

ously developed a new design for neural interfaces [11], [12]
termed the µ-foil, which incorporates mechanical flexibility,
protruding sensing elements and with a fabrication method
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that allows for rapid changes in design. The latter is impor-
tant in order to facilitate the tailoring of the electrode to
different regions in the brain or animals with different brain
size. The novelty of the design used in this study is the use
of protrusions, that will not only place the recording sites
far out from the bulk material and therefore reaching out
to less compromised tissue, the protrusions will also anchor
the electrode in the tissue. In the original design, SU-8 (an
epoxy photoresist) was used as the bulkmaterial because of its
flexibility and biocompatibility. However, SU-8 turned out to
be too fragile, leading to frequent breakages of the conductors
and, thus, a low success rate.

The aims of the present work were to improve themanufac-
turing process, its robustness, and the recording properties of
theµ-foil electrode array. To this end, we turned to Durimide,
a photostructurable polyimide, as the bulk material of the
µ-foil electrode array, as it shows good chemical resistance,
mechanical flexibility, long-term stability and is not as brit-
tle as SU-8 [13]–[16]. During preliminary tests, we also
noticed that metal appeared to adhere better to Durimide than
SU-8, thus facilitating manufacturing. Durimide has been
used previously in biosensor applications and is suitable
for use in medical devices because of its biocompatibility
[17]–[20]. A layer of platinum black was added to lower the
impedance of the active electrode sites. The new materials
and coatings of the µ-foil electrode array were characterized
regarding impedance and recording properties in vivo.

II. MATERIALS AND METHODS
A. FABRICATION
The fabrication process (Fig. 1) started with the deposition
of chromium, to act as a sacrificial layer, on a silicon wafer.
The first Durimide layer (Durimide 7505, FujiFilm Belgium)
was deposited by spin coating. A soft bake was performed
(hot plate at 100 ◦C for 3 min) to remove solvent, and the
film was exposed to UV light (using an i-line filter, 365 nm)
through a mask, defining the needle shank, anchors, and the
connecting cable. The wafer then had to rest for 1 h after
exposure at room temperature to allow the cross-linking of
the Durimide. To finalize the Durimide layer, a hard bake, in
an oven at 200 ◦C for 30 min, was performed. The conductive
layer was then added by evaporation and patterned using a
standard lift-off process. The conductive layer consisted of

FIGURE 1. Schematic sketch of the different fabrication steps and an
illustration of a finished array.

a 30-nm-thick layer of titanium, acting as an adhesion layer,
and a 150-nm-thick layer of gold. Another Durimide layer
was spin coated and patterned as an insulating layer, leaving
only the electrode tip surfaces and solder pads exposed. To
ensure a good adhesion between the different layers, the wafer
was treated with oxygen plasma (FEMTO SN844, Dimer,
Germany) for 5 min between each step.
The final thickness was measured, using a profilometer

just before the removal of the sacrificial layer, to 8 ± 1 µm.
Whereas the first Durimide layer had a thickness of 2-3 µm
and the second layer a thickness of 5-6 µm, this was done in
to simplify the patterning of the conductive layer.
To release the array from the silicon wafer, the sacrificial

layer was etched using chromium etchant (Chrome etch,
MicroChem Corp, USA), after which the arrays were rinsed
thoroughly in deionized water. The whole process has a pos-
sibility to produce up to 79 arrays on each wafer.
The end of the connecting cable was soldered (NC297 DX

52In/48Sn soldering paste, AIM Specialty Materials, USA)
to a printed circuit board that corresponds to a 30-channel
Hirose Electric B10 connector. We used a In/Sn paste to
ensure a good adhesion between the gold on the array and
the PCB.

B. EVALUATION OF THE USE OF CHROMIUM AS A
SACRIFICIAL LAYER
In order to investigate the amount of chromium that is left
on an array after removal of the sacrificial chromium layer,
a scanning electron microscope (SEM, JEOL 6700F) with
an energy-dispersive X-ray spectroscopy detector was used.
Arrays were mounted on mounting pins and a layer of car-
bon, 20 nm, was deposited on the arrays, the carbon was
needed to allow for the analysis. The XPS analysis automat-
ically detected gold, titanium and silicon, but the amount of
chromium was below the detection limit of the detector. The
XPS spectra received from the analysis after compensating
for the background is shown in Fig. 2.

FIGURE 2. The XPS spectra received from the analysis together with a
corresponding SEM from where the line scan was taken.

C. EVALUATION OF THE MECHANICAL STABILITY
We tested the mechanical stability of the probe by bending
unplatinized arrays around a 0.5mmdiameter wire. To visual-
ize cracks in the insulation after the bending, we electroplated
the electrode array and screened for platinization through the
insulated part, using a light microscope and a SEM. Despite
the substantial bending used, no visible cracks were found.
The result is in line with the well documented flexibility of
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Durimide which has a Young’s modulus of 2.5 GPa and can
be elongated by 85% before it breaks [16], [21].

D. PLATINIZATION
To reduce the impedance of the exposed electrode tip,
which is largely dependent on its surface area, a layer
of platinum black was added by electroplating. The pla-
tinizing solution [14] consisted of 7 mM chloroplatinic
acid (8%, Sigma–Aldrich, Germany), 1 mM lead acetate
(Sigma–Aldrich) and 0.03 mM hydrochloric acid (37%,
Merck, Germany) in aqueous solution. The electrode was
immersed into the platinizing solution using a platinum wire
as the anode. The electrodes were platinized using a poten-
tiostat (Ivium CompactStat with multiplexer; an Ag/Ag–Cl
electrode was used as the reference) that applied 700 mV
DC for 30 s. The combination of potentiostat and multiplexer
allowed the platinization of the recording sites one by one
in a single session. The maximum thickness observed, using
SEM, of the platinization layer was roughly 10 µm, together
with the thickness of the array the total thickness will be
about 18µm at the tips. Other groups have developed flexible
arrays with a similar thickness of 10-25 µm [2], [8], [10],
[22]–[24], however, the size of the active sites on the µ-foil
is considerably smaller, 10 µm2 compared to 400-8000 µm2,
in most prior art.

E. IN VITRO IMPEDANCE ANALYSIS
To evaluate the efficiency of the platinization process, elec-
trode impedances were measured on gold electrodes and then
on the same electrodes after the deposition of platinum black.
The impedance (absolute value and phase) wasmeasured over
a frequency range of 100 Hz to 10 kHz in 0.9% saline solution
using galvanostatic impedance analysis (Gamry Reference
600, with an Ag–AgCl reference electrode).

F. IMPLANTATION
Because the manufactured electrode array was too flexible
to be implanted without support, a straight 75 µm tung-
sten wire (Advent Ltd, UK) was attached using caramelized
sucrose (Merck, Germany) as the adhesive. The tungsten wire
was sharpened by etching in 50% NaOH (Sigma-Aldrich,
Germany) to ensure a good penetration of the brain.

Three male Sprague Dawley rats weighing 200–250 g
were used for implantation. All animals received food and
water ad libitum and were kept in a 12 h day/night cycle
at a constant environmental temperature of 21 ◦C (humidity,
65%). Approval for the experiments was obtained in advance
from the Lund/Malmö local ethical committee on animal
experiments, which is regulated by the code of regulations of
the Swedish Board of Agriculture. These regulations, includ-
ing directives from the European Union, follow the law on
animal welfare legislated by the Swedish parliament. The
County Administrative Board governs the implementation of
the rules. Furthermore, the experiments were in accordance
with policies and guidelines reported previously (Drummond
2009, Zimmerman 1983).

The animals were anesthetized with isoflurane (1.8–2.0%,
during surgery) in a mixture of 40% oxygen and 60% nitrous
oxide. The trachea was cannulated, the end-expiratory pCO2
(3.0–4.5%) was continuously monitored, and the animal was
mounted on a stereotactic frame. The rectal temperature was
kept between 36.5 ◦C and 38.5 ◦C using a feedback-regulated
heating system. A rostrocaudal incision was made in the skin
along the central suture of the skull, exposing the bregma.
A craniotomy was made, and the dura mater was split open
to expose the primary sensory cortex (2 mm lateral and 1 mm
caudal of bregma). A platinum black modified µ-foil elec-
trode array was implanted at a speed of 100 µm/s into the
cortex to a depth of 1.8 mm using a micromanipulator and
was connected to a multichannel recording system (Plexon
Inc, USA). After rinsing the surface of the cortex with physi-
ological saline solution to dissolve the sucrose, the guide wire
was removed.

G. NEURAL RECORDINGS
After surgery, anesthesia was lowered to 1% isoflurane (in the
same gas mixture used above). This level has previously been
shown to yield reliable cortical potentials after skin stimula-
tion [25]. The glabrous skin of the hind paw was stimulated
intracutaneously with a train of single electric pulses (1 mA,
200 µs, 1 Hz) using fine steel needle electrodes [26]. The
recorded signals were amplified and filtered (amplification
1000×; for wideband/action potentials and calculations of
noise: sampling frequency 40 kHz, high-pass filter 0.5 Hz,
low-pass filter 8 kHz; for evoked potentials: sampling fre-
quency 1 kHz; high-pass filter 0.5 Hz, low-pass filter 400Hz).
After recordings, the animal was sacrificed using a lethal dose
of sodium pentobarbital (APL, Sweden).

H. NOISE ESTIMATION
The root mean square (RMS) value of the signal (between
spikes) is a good estimation of the noise. For signals without
an offset component, the RMS value can be calculated as
the standard deviation [27]. The wideband data were high-
pass filtered (300 Hz) using Matlab (Mathworks, Sweden),
followed by the calculation of the standard deviation using
[28]–[30] (1):

σn = median
{
|x|

0.6745

}
, (1)

where σn is the estimated standard deviation of the noise
and x is the filtered signal. The constant 0.6745 is needed to
calibrate the estimator for normal distributed white Gaussian
noise. The signal-to-noise ratio (SNR) was then calculated
using (2),

SNR = 20 ∗ log10

(
spike peak− to− peak value

σn

)
, (2)

where the spike detection was carried out by applying a
nonlinear energy operator (NEO) to the signal and then setting
the threshold to 20 times the mean of the NEO. The NEO is
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given by (3),

9 {x [n]} = x2 [n]− x [n+ 1] x [n− 1] , (3)

where x [n] is the signal. The NEO provides an estimate of the
local energy of the signal and is commonly used to emphasize
spikes in the presence of background noise [31].

III. RESULTS
A. DESIGN AND FABRICATION
This study describes the development of an electrode
array made of photostructurable polymer and comprising
13 recording electrodes and one reference electrode in each
array. The photostructurability allows not only the manufac-
turing of arrays in batches, with good reproducibility, but also
rapid changes in the design, thus providing the ability to adapt
the design of the array depending on the architecture of the
region of interest in the brain.

The electrode array (Fig. 2) developed here was tailored to
the cortex cerebri and has the form of an arrow with a length
of 1.8 mm with 13 extrusions, see Table 1 for a more details.

In the final design of the probe each protrusion contained a
triangle shaped recording site,∼4 µm long and∼5 µmwide,
with an area of approximately 10 µm2. The recording sites
were placed in the tip of each protrusion in order to ensure a
maximum exposure of the recording site to the surrounding
tissue.

TABLE 1. Design parameters of the array.

The reference gold electrode consists of 75 holes
(10 × 10 µm) in the first layer of Durimide in the probe,
the reference electrode was placed on the opposite side to the
recording sites because we wanted to maximize the distance
between the reference and the recording sites.

B. PLATINIZATION
The platinization protocol usedwas developed over two years,
and the parameters were chosen based on how the resulting
coating looked and acted. The two parameters that can be
changed are the voltage and time: increasing the voltage will

FIGURE 3. SEM image of the finalized array; each array is numbered, so
that users can easily keep track of them within the batch.

increase the speed of the build-up of the coating; increasing
the speed will give rise to a coating that consists of many
branches that are good at lowering the impedance but are
fragile, whereas a low speed will yield a coating that resem-
bles a sponge that is more durable but does not lower the
impedance as much. The final protocol was a compromise
between durability and the expansion of the surface area [32];
and the final parameters were a voltage of 0.7 V for 30 s, the
result of which can be seen in Fig. 4.

FIGURE 4. SEM images of tips before (A) and after (B) platinization. Note
the considerable enlargement of the surface area of the tip shown in B.

FIGURE 5. Results of the in vitro impedance analysis. The absolute
impedance (A) and the phase shift (B) were plotted vs frequency. The
solid line shows the mean, n = 33, and the dashed line shows the 95%
confidence interval.

C. IN VITRO IMPEDANCE ANALYSIS
The results of the in vitro impedance analysis are shown in
Fig. 5 and in Table 2. The impedance of the electrodes was
lowered by up to almost two decades after the modification
with platinum black. The recorded values of the impedance
at a frequency of 1 kHz for gold electrodes had a mean
value (number of measurements = 33) of 4.3 M� compared
with 63 k� for the same electrodes after modification using
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TABLE 2. Recorded values of impedance together with standard
deviation vs frequency for gold electrodes and the same electrodes
after platinization, n = 33.

platinum black. The resulting impedance for the gold elec-
trodes was comparable to those available commercially and
those reported by other groups [2]. The big variance of the
impedance is due to the fact that the size of the recording
sites are dependent on howwell one has aligned the insulating
Durimide layer. A small misalignment of 1 µm will give a
change in size of the recording site of roughly 30-40 %.

The phase analysis of the arrays (Fig. 4B) showed that
the capacitive phase shift for a platinized electrode decreased
with increasing frequency.

D. IN VIVO RECORDINGS
To evaluate the in vivo recording properties of the platinized
electrode array, acute recordings were performed from the
somatosensory cortex of three animals. From all the electrode
sites, including the reference electrode used as the surface
electrode site, on the array, clear evoked potentials (mean
onset and peak latency, 12 ms and 22 ms, respectively)
could be recorded after intracutaneous electrical stimulation
of the glabrous skin of the hind paw using fine steel needle
electrodes [26]. The averaged cortical recordings (n = 50)
from one rat are shown in Fig. 6. with similar depth profile
in all three animals. The recorded field potentials that were
evoked simultaneously in different layers of the cortex were
consistent with the depth profile of these potentials reported
by earlier studies using multiple measurements at different
cortical depthswith single-probe technique [33]. For instance,
maximal negative field potentials were obtained from the
electrode sites at a depth of 800µmbelow the cortical surface.
This corresponds to layer IV of the cortex, which receives a
direct depolarizing thalamocortical input. These results prove
that the recorded neural signals were indeed picked up from
the individual recording sites and not significantly from the
electrode shank. Fig. 7 shows three unfiltered raw data sweeps
from different depths (800 µm, 1150 µm and 1500 µm).
Spikes can clearly be seen on two channels, with no cross-
talk to the middle channel. Furthermore, the between elec-
trode impedance was measured in air, resulting in identical
impedance data as for leaving the connector in air. For the
recording site placed at a depth of 800 µm, the noise of a
single raw data sweep was calculated to 4 µV (RMS), and
the SNR was 19.2 dB.

FIGURE 6. Depth profile of averaged (n = 50) evoked cortical potentials
from one rat together with the standard deviation. Electrical stimulation
(1 mA, 0.5 ms) of digits 2–4 (A) and lateral edge (B) and proximal part (C)
of the hind paw skin. The dashed line indicates time of electrical
stimulation. Note that since a normal depth profile was picked up by the
u-foil array electrodes, cross-talk between channels must be negligible.
Since the signal is superimposed on EEG the SD becomes relatively large.

FIGURE 7. Three unfiltered raw data sweeps from three adjacent depths.
Note the lack of cross-talk between neural spikes in different channels.
For the recording site at a depth of 800 µm, the noise was 4 µV (RMS),
and the SNR was 19.2 dB.

IV. DISCUSSION
The electrode array presented here, termed µ-foil, was
designed to meet the need for a multichannel electrode
array comprising ultrathin and flexible electrodes with fixed
interelectrode distances corresponding to the distances
between cortical laminae. Thus, the presented design has the
potential to enable neurophysiological studies that require
simultaneous recordings from neurons in different laminae
in a given cortical column, as demonstrated by the recordings
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obtained. It should be noted that other types of multichannel
electrode arrays, such as the Michigan probe or derivates of
this type, also allow recordings from neurons in different
laminae [34]. It should also be noted that there has been work
conducted in placing the active sites of the probe away from
the main body: Seymour et al [35] developed a probe with a
main body and a lattice-like structure next to it, with histology
showing less encapsulation around the lattice than around
the main body; Egert et al [36] developed a Michigan like
probe with the active sites placed on spring-like structures
that could be released into the tissue after implantation. The
distinguishing features of the probe presented here lie in its
high flexibility and that the active recording elements are
placed on the distal part of protrusions from the shank of
the probe. It is well known that implanted probes are usually
encapsulated by a glial scar that may insulate and displace
neurons away from the probe [6], [37]. Our hypothesis is that
the protrusions should work in the same way as the lattice in
Seymour et al’s [35] work, resulting in reduced encapsulation
around the tips of the protrusion. This hypothesis needs, how-
ever, to be evaluated in long-term studies. In addition, the barb
like protrusions could serve as local anchors that stabilize the
positions of the electrode tips in the tissue, therefore reducing
variations in recorded neural spike amplitudes.

In the present work, the bulk material was changed to
Durimide, to provide a less fragile, yet flexible, construction
compared with the original SU-8-based version [11], [12].
This resulted in a higher yield of functional electrodes in
each array and in a more robust construction that reduced the
risk of breakage of the electrodes during handling and during
implantation. In addition, the recording data obtained demon-
strated that adjacent electrode sites were capable of picking
up independent neural electrical activity with essentially no
cross-talk, indicating that the insulation properties of Durim-
ide are adequate. Durimide is assumed to be biocompatible
and is currently used as the bulk material in many biosensors
[13], [17]–[20]. As Durimide is a photostructurable polymer,
it is easy to modify the design of the array, such as the inter-
electrode distance, the length and angle of the protrusions,
and the number of electrode sites on the array, to fit different
types of tissue architecture.

In addition, the surface area of the uninsulated parts of the
electrodes was significantly increased by electroplating the
active sites with platinum black. This, in essence, transformed
the electrode tips from a 2D surface to a spongy 3D volume
with a much larger surface and, thus, less impedance. The
idea behind using a 3D structure for the active site was to
enhance the surface of the electrode tip that is in contact
with neurons confined to a very small volume of brain tissue,
hence reducing the short circuiting of the signals from nearby
neurons. This aspect is likely to be especially critical in cases
in which recordings from small neurons are attempted. In fact,
the electrode impedance observed after coating with platinum
black, using the chosen parameters, dropped by up to two
decades in magnitude, resulting in a significantly lower noise
level. This should also increase the signal-to-noise level of

recorded spikes. The high signal-to-noise of some of the unit
recordings obtained in the present study were in line with this
assumption. Another observed effect of the platinization was
that the variance in impedance between different electrode
tips in the same array was reduced significantly (Table 1).
The combined effect of lowering the impedance together with
a smaller variance for the electrodes with platinum black is
that the array is better compatible to the input impedance of
the amplifier, resulting in a better signal fidelity. We believe
that this difference is because the resulting platinum black
area depends mostly on the electroplating conditions, which
can be controlled precisely, whereas even a small variation
in the fabrication alignment yields a large difference in the
resulting electrode impedance for 2D surfaces. Although a
lowered impedance and reduced variance in impedance can
also be obtained by simply enlarging a 2D surface [38] this
has the drawback of also increasing the short circuiting of
signals from nearby neurons, thus lowering the amplitude of
such neural spikes.
An important finding of this study was that after elec-

troplating platinum black onto the gold tips, the impedance
dropped significantly for higher frequencies (Fig. 5). This
implies that the capacitance increases with increasing fre-
quency and that the impedance for high frequencies is more
dependent on the resistance. Hence, the recorded neural sig-
nals will be less distorted.
This study focus on the technical aspects of a new design

for a neural interface aiming at improving long term com-
munication with neurons and demonstrates that the µ-foil
electrode is a viable electrode design for further in depth
neurophysiology studies on biocompatibility and in vivo per-
formance. For instance, it will be necessary to evaluate the
hypothesis that there is less encapsulation around the tips of
the protrusions as compared to at the base of the electrode
and evaluation of the stability achieved by the barb like
protrusions

V. CONCLUSION
In conclusion, we have developed a multichannel electrode
array, termed µ-foil, that comprises ultrathin and flexible
electrodes protruding from a thin polymer foil at fixed dis-
tances. The interface impedance was reduced by up to two
decades by electroplating the electrode tips with platinum
black. This also reduced the phase lag for higher-frequency
components. In vivo acute measurements from rat cortex
cerebri confirmed a high SNR for neural recordings, and the
absence of significant cross-talk between recording channels.
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