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a b s t r a c t
This work demonstrates a novel, simple method for the fabrication of dry Electroencephalogram (EEG) electrodes consisting of arrays of SU8 based microneedles. EEG electrodes fabricated this way will signiﬁcantly reduce
the duration and complexity of the mounting procedure as they eliminate the need for skin preparation and the
application of conductive paste. Arrays of polymer based microneedles were designed and then realized using a
simple, low cost photolithographic technique. The polymer used for the microneedle fabrication is epoxy based
SU-8 and the microneedle array is formed on a glass carrier. A single, “back-side” photolithographic exposure is
applied for the formation of sharp and appropriately-sloped microneedles. The resulting needles are cone-shaped
and 500 μm in height with a base of 100 μm in diameter and a tip smaller than 30 μm. The microneedles are subsequently covered conformally with a thin ﬁlm of biocompatible metal (Ag) rendering them suitable for human
skin penetration. In addition, human skin penetration did not compromise the mechanical integrity of the
microneedles. Initial electrical characterization results from a trial on a healthy human show that the fabricated
electrodes provide excellent EEG signal strength presenting low resistivity contact.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
State of the art: In all bio-signal recordings such as EEG, electrodes
play a pivotal role in their acquisition and are the parts that are in constant contact with the body. No matter how advanced the rest of the
EEG measuring system is, no quality signals will be picked up unless
the electrodes meet speciﬁc requirements.
EEG electrodes are usually made of metal. Silver chloride (AgCl)
is preferred for common neurophysiologic applications. Because
Ag is a slightly soluble salt, AgCl quickly saturates and comes to
equilibrium. Therefore, Ag is a good metal for metallic skin-surface
electrodes. Choosing the correct electrode as well as preparation of
the skin before recording, critically affects the accuracy of the measurements [1].
One classiﬁcation of EEG electrodes stems from their shape: there
exist disc and cup shaped (EEG caps), sub-dermal needles (single-use
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needles that are placed under the skin) and implanted electrodes
(to precisely pinpoint the origin of the seizure activity, for example).
Needles are either available with permanently attached wire leads,
where the whole assembly is discarded, or with sockets that are attached to lead wires with matching plugs. They are made of stainless
steel or platinum. Some EEG electrodes can be used for special applications. For example, implanted EEG electrodes also can be used to stimulate the brain.
A second classiﬁcation of EEG electrodes describes them as either
wet or dry, depending if an electrolytic gel or paste is used to facilitate
electrical contact with the skin (wet electrodes), or if they actually penetrate the tissue, the ﬂuid of which is consequently acting as the electrolyte (dry electrodes) [2].
In summary, only wet electrodes (Table 1) have reached the technological maturity required in terms of performance, cost, reproducibility
and patient comfort, to be universally acceptable for EEG recordings.
However, dry electrodes (Table 2) present many advantages and, although not yet universally adopted, research outcomes suggest that
they could be worthy candidates to consider.
We propose a dry microneedle electrode with simple fabrication involving just a single lithography step without the use of “sacriﬁcial” substrates such as silicon. The resulting process is therefore simpler and of
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Table 1
Conventional electrodes (usually wet electrodes).
Metal disc and cup electrodes
Disc and cup electrodes are generally made of high purity tin, silver, gold or even
surgical steel.
They usually have a diameter that is within 4–10 mm [3].

Needle electrodes
Needle electrodes are sterilized, single-use needles placed under the skin. These
electrodes are typically made of surgical grade steel and are inserted into the
scalp after thorough disinfection of the insertion site (painful).

Nasopharyngeal electrodes
These electrodes are made of a wire that are embedded into a rigid plastic. The
tip is an uninsulated 2–5 mm diameter metal ball. These electrodes are inserted
through the nostril and maneuvered to place it against the roof of the
nasopharynx and close to the skull.

lower cost. The microneedle array can be also formed on a ﬂexible substrate (Polyimide) which has the capability to compensate for skin
movement.

115

Table 2
Micro-spike electrodes (dry electrodes).
Micro-spike EEG electrodes
These dry electrodes consist of many micro-spikes, with each micro-spike being
built on a pillar with a big shoulder [4].

CNT EEG electrodes
This design was to eliminate skin preparation and gel application requirements
in order to reduce noise while improving wearability [5].

Si microneedle electrodes
Recently, some successful attempts of EEG recording have been performed with
spiked electrodes (microneedle arrays) made by silicon micromachining [6].

Polymer microneedle electrodes
Polymer microneedle electrodes covered with a nanoporous parylene ﬁlm that
can serve as ﬂexible electrodes for a brain–machine interface [7].

2. Fabrication method
2.1. Dry electrode design
Three different designs were realized. In the ﬁrst one, the microneedles were 300 μm in height, had a base of 100 μm in diameter and
the tip was smaller than 30 μm in size, as shown in Fig. 1. The pitch between microneedles was 650 μm and 10 × 10 arrays were formed.
In the second design, the height was increased to 500 μm, the base
diameter remained at 100 μm and the tip was smaller than 30 μm, as
shown in Fig. 2.
The pitch between the microneedles was kept at 650 μm but there
was a single, extended array, covering all the available electrode surface,
for increased sensitivity. Hence, the active area in this design is larger
and also the total number of the microneedles is drastically increased
with respect to the ﬁrst design.
Finally, the third microneedle array design is the same as the ﬁrst
one, but the ﬁnal structure rests onto a ﬂexible polyimide organic
layer, to provide improved mounting application on the skin. The
resulting electrode can follow the curvature of the skin, and this helps
maintaining better contact, leading to increased signal strength and acquisition efﬁciency. This ﬂexibility is shown in Fig. 3. As mentioned
above, all these microneedle electrodes were coated with Ag, as is the
case with conventional electrodes.
2.2. Fabrication process
The electrodes were fabricated on 100 μm thick glass substrates.
First, the glasses were cleaned using a standard degreasing process
with organic solvents and were subsequently dehydrated by baking at
140 °C. Then, application of a 50 μm thick SU-8-50 negative photoresist
layer was performed by spin coating. This layer, which acts as a base

Microneedle array electrodes
Microneedle array electrodes for EEG signiﬁcantly reduce the mounting time,
particularly by circumvention of the need for skin preparation by scrubbing [8].

for the microneedles, was cured by ﬂood exposure using the UV light
(i-line) of a standard contact lithography mask aligner followed by
post-baking. In the ﬁnal fabrication step, SU-8-100 is applied with spin
coating to form the layer that is to be used for rendering the actual arrays of microneedles. Various spin speeds were tested, in order to obtain
the desired ﬁlm thickness, which ultimately deﬁnes the microneedle
height. Following the SU-8 soft bake, the microneedle array photomask
is brought into contact with the backside of the glass and the UV exposure is made from the backside on the mask aligner [9]. Following standard post-exposure bake, a subsequent development reveals the
microneedle array. The only difference between the three designs is
that, during the third process, a uniform polyimide layer was applied
before the ﬁrst SU-8 50 layer. Following the full fabrication procedure,
this layer can be then easily unmounted from the carrier substrate by
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Fig. 1. The 1st design of microneedle. (a) Design of the electrode, (b) electrode, (c) SEM close-up.

pilling-off, giving the possibility of having the microneedle arrays
formed on ﬂexible substrates. For all designs, following the formation
of the polymer microneedle arrays, the samples are covered with a
thin layer of silver by electron-gun evaporator, utilizing a rotating sample holder in order to aid conformal deposition.

results were as follows: Microneedle electrode R = 4.2 kΩ; Commercial
electrode R = 2.7 kΩ. Typical results are shown in Fig. 4. Point Fp1 corresponds to the microneedle electrode while Fp2 corresponds to the
commercial electrode.
3.2. Test 2

3. In vivo experiments and results
The microneedle electrodes were initially tested with a commercial
EEG system from the University General Hospital of Heraklion in
Crete, through human trials with volunteers.
3.1. Test 1
We tested the ﬁrst electrode design without any skin preparation or
conductive paste, as required for the conventional electrodes. The results were compared to those obtained with a commercial one. During
the data recording from the EEG system, the commercial electrode resistivity was lower than our microneedle electrode. More speciﬁcally, the

The same measurements were performed once more, however,
this time both electrodes were located at the same point Fp1 also
performing skin preparation and applying conductive paste to the
microneedle electrode. Typical results are shown in Fig. 5. This time
the commercial electrode resistivity was higher than the microneedle
one: Commercial electrode at Fp1, R = 2.9 kΩ; Microneedle electrode
at Fp1, R = 1.7 kΩ.
3.3. Test 3
We used two electrodes to test the second electrode design without
any skin preparation or conductive paste for the microneedle electrode

Fig. 2. The 2nd design of microneedles. (a) Design of the electrode, (b) electrode, (c) SEM close-up.
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Fig. 3. The 3rd design of microneedles. (a) Design of the ﬂexible electrode, (b) ﬂexible electrode, (c) SEM close-up.

Fig. 4. EEG data recording. (a) Electrode placement, (b) EEG recording from test 1.

(dry electrode). The results were compared to two commercial ones.
During the data recording from the EEG system, the commercial electrode resistivity was higher this time compared to the microneedle

electrodes: Microneedle electrodes, RFp1 = 3 kΩ and RCz = 2.7 kΩ;
Commercial electrodes, RFp1 = 6.4 kΩ and RCz = 3.2 kΩ. Typical results
are shown in Fig. 7. Point Fp1 corresponds to both electrodes, as does Cz,

Fig. 5. EEG data recording. (a) Electrode placement, (b) EEG recording from test 2.
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as shown in Fig. 6. After electrode removal there were noticeable small
spots on the skin conﬁrming minimal penetration. Observing the EEG
recordings following an eyebrow movement (between 25 and 30 s),
the microneedle electrode seems to be more resistant to the signal artifacts thus offering lower noise levels (Fig. 7.1 and 2). For this test we
performed additional analysis of the EEG signals in order to determine
the power spectral densities (PSDs). From Fig. 8 we observe that the
conventional and microneedle electrodes display quite similar temporal
and spectral properties in the EEG signal power densities. Alpha rhythm
(8–13 Hz) from both electrodes appears similar although from Fig. 8.1
and 2 it is evident that the microneedle electrode at Fp1 produces
more μV/cm, thus promises higher sensitivity. The PSDs do not contain
high values of beta rhythms (14–30 Hz) which is though expected
since high beta rhythm is associated with alertness.

3.4. Test 4

Fig. 6. Electrode placement for test 3.

From electrochemistry it is known that by using different metals as
electrodes and appropriate biasing, gases like O2 or ions like hydrogen
can be detected. We therefore investigated the potential of the
microneedles as candidates for chemical sensing targeting chemical
species like oxygen and pH. The ultimate aim is to investigate the potential of the microneedles for simultaneous recording of chemical parameters during EEG for cross correlation analysis. Effective potentiometry
requires two electrodes (working and reference) with as low resistance
as possible between them. We tested the resistance between a Pt ﬂat

Fig. 7. EEG signals located at Fp1 and Cz (Fig. 6) for both conventional and microneedle electrodes.
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Fig. 8. EEG power spectral densities corresponding to EEG signals reported in Fig. 7.

electrode as reference and an Ir working electrode, either ﬂat or covered
microneedle arrays, attached to human tissue. Both of the electrodes are
in equal distance from the reference. The resistance of the ﬂat electrode
was 15 MΩ while the resistance of the microneedle one was 7 MΩ.
Ir covered microneedles were oxidized by cyclic voltammetry in
0.5 M sulfuric acid, using 200 cycles from 0 to 1 V oxidative potentials
at a scan rate of 100 mV/s in order to make it more sensitive in the investigation of H+ cation for pH detection. The pH calibration curve was developed by using standard solutions and the initial results are presented
in Fig. 9. It is evident that the pH behavior of the oxidized Ir
microneedles presents a theoretical slope of −68.75.
Experimental results also indicated that the microneedle electrodes
did not move during the trial since attached to the skin and delivered
stable readings, in contrast to the ﬂat ones that exhibited signiﬁcant
reading variations.

polyimide ﬂexible substrates. The ﬁrst (on glass) was tested in real
human conditions yielding very promising initial results as a true dry
electrode, as compared to commercial wet electrodes both in terms of

4. Conclusions
A novel, single lithographic step fabrication protocol, without “sacriﬁcial” substrates, for the realization of SU8 based microneedle arrays
has been developed. These arrays are subsequently conformally covered
with thin layers of biocompatible metals such as Ag, rendering the array
dry microneedles based electrodes aimed at making EEG recordings. We
developed two versions, one on thin glass substrates and one on thin

Fig. 9. pH detection with oxidized Ir spikes.
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lower resistivity and improved PSD at least for the alpha rhythm. The
next steps in this research involve, initially, a full EEG recording with a
set of the microneedle arrays, and direct comparison to the corresponding EEG with a set of commercial electrodes. In parallel, we will fully
characterize the ﬂexible version. We have already fabricated a set of
electrodes that will be dedicated to biocompatibility analysis for longer
exposures of human tissue to the electrodes. Furthermore, we plan to
realize an analytical array platform involving microneedle arrays covered with different metals with the aim to try to correlate EEG readings
to chemical species like oxygen and pH.
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