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Abstract: The resolution of commercially available electrocorticography (ECoG) electrodes is
limited due to the large electrode spacing and therefore allows only a limited identification of the
active nerve cell area. This paper describes a novel manufacturing process for neural implants with
higher spatial resolution combining micro technological processes and PDMS as the flexible,
biocompatible material. The conductive electrode structure is deposited on a water-soluble transfer
substrate by PVD processes. Subsequently, the structure is contacted. Finally, the transfer to PDMS
and dissolution of the transfer substrate takes place. In this way, high-resolution conductive
structures can be produced on the PDMS. Transferred gold structures exhibit higher adhesion and
conductivity than transferred platinum structures. The adhesion was improved by applying a silica
surface modification to the conductive layer prior to transferring. Furthermore, the conductive layer
is flexible, conductive up to an elongation of 10%, and resistant to sodium chloride solution,
mimicking brain fluids. Using the introduced production process, an ECoG electrode was
manufactured and characterized for its functionality in an electrochemical impedance
measurement. Furthermore, the electrodes are flexible enough to adapt to different shapes. The
transfer process can also be carried out in a 3-dimensional mold to produce electrodes tailored to
the individual patient.
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1. Introduction

The monitoring of neurophysiological processes is not only important for the localization of
damaged nerve cell areas in various diseases like epilepsy [1]. The so-called brain-computer interface
also aims to establish communication between the nerve cells in the brain and a computer, for
example to control a prosthesis [2]. For the measurement of nerve cell activity,
electroencephalography (EEG) or electrocorticography (ECoG) are the usual methods of
measurement, whereby ECoG constitutes an invasive version of EEG. In ECoG, the electrodes used
to measure nerve cell activity are surgically implanted below the cranial bone. Thus, the signal quality
(higher sensitivities) and spatial resolution is significantly improved compared to EEG [3]. However,
commercially available ECoG electrodes feature distances between the electrode contacts of about 10
mm, which limits the minimum possible resolution. Several international research groups are
researching ECoG electrodes with reduced electrode spacing and an increased number of electrodes
to improve the resolution of ECoG. ECoG electrodes described in literature are produced mostly by
micro technology manufacturing processes, usually using a stack of layers on a polyimide substrate
[e.g., [4-8]]. On one hand, these manufacturing processes are very complex and a clean room is
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required, on the other hand, the materials used do not have the same long-term clinical experience as
those of commercial electrodes [2].

Another research approach is the patient-specific adaptation of the ECoG electrode to the
topography of the brain, in order to improve the signal quality of the ECoG measurement. Morris et
al. use a mold manufactured by additive manufacturing, into which the electrode contacts are
manually inserted [9].

In this paper, a new manufacturing approach for ECoG electrodes is presented, which is based
on micro technological manufacturing processes like sputtering while using materials with long-term
clinical experience such as PDMS. The chosen approach enables highly flexible and patient-specific
ECoG electrodes with reduced manufacturing costs.

2. Methods

2.1. Fabrication

The manufacturing process presented in this publication is based on a transfer method
developed at the Institute of Micro Production Technology (Hanover, short: IMPT), and shown
schematically in Figure 1. It is based on the transfer of a thin film from a water-soluble carrier
substrate to the final substrate. The carrier substrate, consisting of a water-soluble poly vinyl alcohol
(PVA) film, is firstly coated in the desired configuration by means of cathode sputtering (Figure 1a).
The geometrical definition of the coating is done by masking the substrate. The thin film on the carrier
substrate is then contacted for evaluation using a conductive epoxy of the type CW 2400
(CircuitWorks), which is applied to the conductive coating on the PVA, as well as on the copper wires
(Figure 1b). A compound of PDMS and silver particles, analogous to Larmagnac et al., can also be
used for contacting with a supply line to improve the flexibility [10]. The assembly of coated and
contacted PVA carrier substrate is then encapsulated in a casting mold with PDMS (Figure 1c). For
this purpose, Sylgard™ 184 is cured at 50°C overnight. The conductive coating is transferred to the
PDMS and the PVA carrier substrate can be dissolved with water (Figure 1d). This results in a
completely encapsulated contacting material and a body of PDMS from which only the PVD coating
and the lead are accessible and in contact with the biological tissue (Figure 1e). Certain areas of the
PVD coating can also be encapsulated by applying further PDMS for insulation (Figure 1f).

a) PVD-Coating of PVA b) Bonding c) Embedding into PDMS
d) Curing of PDMS _
Dissolving of PVA e) Contacted Layer in PDMS f) Isolation
)

S . .

Figure 1. Fabrication process: PVD coating of the transfer substrate (a), contacting (b), embedding in
PDMS (c), curing the PDMS and dissolution of the transfer substrate (d) contacted, conductive
structure in PDMS (e), insulation (f).

2.2. Adhesion

To evaluate the adhesion of the transferred layer, samples with the coating materials gold and
platinum are prepared and a cross-cut test performed according to DIN EN ISO 2409. In addition, the
influence of a silicatization is examined with the surface silicatization device NanoFlame NF02
(Poyltec PT GmbH), which, according to Stieghorst et al., increases the layer adhesion between PDMS
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and polyimide [11]. For this purpose, the PVA films coated with gold or platinum are silicated
according to the data sheet. To reduce the influence of temperature, the flame is spread over the
surface and the treatment is repeated in short intervals. The enclosed test ink was used to verify
surface silicatization.

2.3. Conductivity

Transferred layers are evaluated with a four-wire measurement. It is also evaluated, to which
extent the transfer of the thin film changes the inherent conductivity of the layer. Due to the results
of the adhesion of the transferred layers, this test is carried out exclusively with gold of different layer
thicknesses.

2.4. Flexibility

The developed manufacturing approach offers an advantage compared to commercial
electrodes concerning a higher flexibility due to the missing rigid electrode contacts and leads. The
flexibility of the layer is evaluated in a tensile test and a fatigue test. In the former, tensile specimens
are made from PDMS according to DIN 53504 with a gold coating of different layer thicknesses and
the conductivity is recorded as a function of strain. Furthermore, it is investigated whether the
silicatization property, which improves the layer adhesion, also has an influence on the flexibility of
the layer.

2.5. Impedance Measurement

The functionality of electrode samples was investigated in an electrochemical impedance
measurement. The measurement procedure is based on the publication by Nahvi et al. [12].

For this measurement, samples with a layer thickness of 125 nm gold consisting of two electrode
contacts with a size of 1x1 mm and leads to a contacting area with a width of 250 um are prepared.
In the contacting area, the connection is made with a lead and conductive epoxy. Except for the
electrode contacts, the entire structure is insulated with PDMS.

2.6. Demonstrator

Based on the previously presented electrodes for the impedance measurement and the design in
various publications, such as Kim et al. or Yan et al., an ECoG electrode was manufactured according
to the process shown in Figure 1 [5,13]. The layout features eight electrode contacts with a size of 1x1
mm. A mask is made for PVD coating.

2.7. Adaptivity

The presented manufacturing process can be used to pursue patient-individual adjustment. To
demonstrate, analogous to Morris et al., a mold was manufactured additively, in which the coated
PVA carrier substrate is inserted and encapsulated with PDMS [9]. This results in electrodes that have
the same shape as the mold. The approach is firstly evaluated for a simple corrugated structure and
secondly for a mold simulating brain convolutions.

3. Results and Discussion

3.1. Adhesion

In this test, the poor transfer behavior of platinum in comparison to gold is the most striking
feature. In addition, almost the entire transferred platinum coating can be removed with the adhesive
strip. With gold, on the other hand, the adhesion of the transferred layer is significantly better. Only
a small portion of the gold layer is removed when the test is performed.

With the surface silicatization before transfer, a significant improvement in the layer adhesion
is observed. However, with the coating material platinum, problems continue to occur during the
transfer from the PVA substrate to the PDMS.
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3.2. Conductivity

The measured conductivities of the gold structures on the substrates show a dependence on the
layer height. Whereby this influence is no longer significant at the highest tested layer height. Figure
2 shows the measurement results.
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Figure 2. Resistivity as a function of film thickness, before (grey) and after (red) transfer to PDMS.

Only a minimal increase in conductivity is measured due to the transfer from the PVA to the
PDMS. This difference is mainly present at the lowest tested layer height. This results in an almost

complete transfer of the conductive layer from the PVA to the PDMS without affecting the layer
integrity.

3.3. Flexibility

When testing the flexibility, a difference in the various layer thicknesses is measured. Tensile
samples with a gold layer of 60 nm can be stretched by about 5% while maintaining conductivity,
whereas those with 125 nm or 195 nm can be stretched up to 10%. As shown in Figure 3, silicatization
does not improve the flexibility of the transferred coating.

Microscopic cracks are apparent in the conductive layer coating because of elongation.
Conductivity and thus percolation is only possible up to a certain distance of the cracks. A return to
the initial state allows the formation of a continuous conductive structure without defects or flaking.

3.4. Impedance Measurement

The electrodes placed in a sodium chloride solution (9 mg/l) are measured with an LCR meter
HMB8118 (Hameg Instruments GmbH) in the frequency range from 20 Hz to 100 kHz at a voltage of
1 V. The electrode used for the impedance measurement and the measured impedances as a function
of frequency are shown in Figure 4. The measured impedances are in a similar order of magnitude to
those found in literature.
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Figure 3. Elongation while maintaining conductivity as a function of the layer height and the
performed silicatization.
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Figure 4. The left illustration shows the setup consisting of two electrode contacts. The right figure
shows the measured impedances as a function of frequency.

3.5. Demonstrator

An example of a demonstrator with eight electrode contacts is shown in Figure 5. The electrode
gap and electrode spacing is significantly smaller than commercially available electrodes.

3.6. Adaptivity

In both cases, the simple corrugated structure and the mold simulating brain convolutions, a
complete adaptation of the carrier substrate to the shape of the mold as well as error-free transfer of
the conductive gold layer to PDMS is possible. Figure 5 shows a shaped electrode with eight electrode
contacts. This simple manufacturing process offers potential for cost-effective patient-specific
production.



Eng. Proc. 2020, 1, FOR PEER REVIEW 6

(S

Figure 5. Manufactured ECoG demonstrator with eight electrode contacts (left) and electrode adapted
to a wavy shape in PDMS (right).

4. Conclusions

In this paper, it was shown that a simple patient-specific production of ECoG electrodes with
micro technical production methods and clinically proven materials such as PDMS is possible. This
technique can be further improved by a reduction of the electrode distance or an optimization of the
insulation. In addition, the electrodes can be scaled down to increase the number of electrode
contacts. The transfer behavior of a stack of layers will be studied in the near future. To further
increase the productivity of the manufacturing process, a so-called roll-to-roll process can be used to
coat the PVA carrier substrate. Moreover, possible improvements are the direct integration of the
evaluation electronics by embedding them in the PDMS, so that the implant can be fully implanted
and does not leave any openings to the brain susceptible to infections. This manufacturing process
can be adapted for the use with other implants or biosensors and is subject of future research at the
IMPT.
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