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Abstract

The relationship between the parameters of Transcorneal Electrical Stimulation (TES) and its
neuro-protective effect of TES on axotomised Retinal Ganglion Cells (RGCs) is still unclear. This
work discusses the design strategy of a new non conventional TES stimulator, the micro fabrica-
tion processes and characterization of an array of MEMS microelectrodes over a flexible polymer
layer substrate to stimulate the human cornea. The micro-array of electrodes, over a flexible
smooth biocompatible polyimide substrate, fine tunes the curvature of the cornea. This tool can
help researchers to define the optimal electric stimulation parameters required in TES.
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1. Introduction

Retinal degenerative diseases such as age-related macular degeneration (AMD), retinitis pigments (RP) and
Glaucoma are a leading cause of blindness in adult. Transcorneal Electrical Stimulation (TES) has an effect on
the survival of axotomised retinal ganglion cells and on phosphene sensation when the cornea is properly stimu-
lated [1]. TES has demonstrated great potential in alleviating the problems and disabilities produced by these
diseases [2]-[5]. However, the relationship between the parameters of TES and the neuro-protective effect of
TES on axotomised Retinal Ganglion Cells (RGCs) or its effects on other retinal structures is still unclear [6] [7].
To have a better understanding of that relationship, a strategy is required to fire selected ganglion cells and other
cell types [8]-[12]. We believe that this strategy supposes to stimulate with different stimulation parameters, as
well as to evaluate the effect of a mixture of several stimulation waveforms. There are two ways in which gan-
glion cell spiking can be elicited: either through direct activation, where the electric stimulus acts directly on the
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ganglion cell, or through indirect activation, where presynaptic neurons are activated by the electric stimulus and
this results in a modulation of synaptic input to the ganglion cell [13].

TES is an indirect stimulation; then, we suggest that waveforms should be analogous to cone and rod response
when exited by a spot of light. Then, non-conventional signal generator is required to be coupled to the cornea
by a set of multi electrodes fitting the surface of the cornea. Currently, only two different corneal mono-polar
electrodes are available in TES research: DTL-Plus and ERG-Jet. These two electrodes usually transmit only
one single bipolar potential to the cornea [1].

Researchers around the world have focused their attention on the creation of retinal prosthesis (RP) based on
epi or subretinal chips that stimulate the retina by a multi electrodes array inside the ocular glove [14]-[16].
However, this procedure is highly invasive for the porpoise of testing different stimulation parameters. Impor-
tant results in RP have been published; among others, we find that controlled electrical signals applied to a small
area, inside the ocular glove, over the retina of a blind volunteer via microelectrodes array result in the percep-
tion of a small spot of light. For direct activation, over the surface of the retina, the total charge per pulse that is
required to elicit a spike increases for larger diameter stimulating electrodes. Also, the total charge required to
elicit a spike increases with pulse duration. Therefore, the use of short-duration pulses and small-diameter sti-
mulating electrodes may be the most efficient way to elicit spiking through direct activation. Recent work sug-
gests that outer retinal degeneration does not significantly affect the threshold for direct activation of the gan-
glion cell [17]-[19]. Retinal stimulation procedure inside ocular globe is the dominant strategy in RP; however,
as said above it is an invasive procedure, which makes it difficult to study the effects of electrical stimulation,
varying a great set of their parameters. TES is a non-invasive procedure that alternatively will help to study the
effects of electrical stimulation in the visual system. TES applied over the surface of the cornea by a multi elec-
trode array is a required tool that will help to find, among others, the optimal parameters of TES to be neuropro-
tective. Electrical stimulation over different places over the surface of the cornea, as well as electrical stimula-
tion with different parameters, opens new research opportunities.

2. Methodology

Most reported research in TES [1]-[3], both indirect and direct stimulation, uses simple bipolar square wave-
forms to target a complex neural network system at the inner biological retina. Only a few authors suggest sti-
mulation by sinusoidal and conventional waveforms [9]-[11]. Reported TES does not use biological waveforms
or typical membrane potential to stimulate. Square bipolar waveforms are not consistent with typical rod and
cone ionic current patterns. To improve TES parameters is required a deep understanding of the response of the
human retina to different electrical stimulation waveforms, therefore TES by non-conventional signals is a new
approach in TES to be considered. A fundamental question is which waveforms and parameters must be used.
We suggest in this paper, as a first approach, to stimulate the cornea by a set of voltages very much a like eye
cell nature.

Usui et al., using Hodgkin and Huxley’s model, have modeled the cone and rod ionic current performance [12]
and have shown that cone and rod imply the generation of multiple non-conventional action potential waveforms.
This neuronal graded action potential must play a central role in retinal processing interactions between photo-
receptor responses and the complex inner cell layers of the retina. Consequently, TES waveforms must be ana-
logous to biological computation. Indeed, it is necessary to properly control retinal stimulation parameters to
lead ganglion cells.

Kamiyama and Usui [12], identifies three voltage-dependent currents at the most of inner retina cells, i.e.,
hyperpolarization-activated current (Ih), delayed-rectifier current (IKv), and L-type calcium current (ICa) and
have been identified in rods along with two calcium-dependent currents, namely, calcium-activated chloride
current (IC1(Ca)) and calcium-activated potassium current (IK(Ca)). Usui’s mathematical model [12] is capable
of accurately reproducing the voltage and current clamp responses of rod cells. A detail discussion of Usui’s es-
timated light impulse response network for each rod ionic channel can be founded in reference [12]. Figure 1
shows typical calcium-activated chloride current (ICI(Ca)) and calcium-activated potassium current (IK(Ca))
from Usui’s model.

Based on the above considerations, we suggest to stimulate the cornea both: a set of waveforms analogous to
the cone and rod ionic currents and the typical cornea potential measured by multi focal electroretinograpy [4].
We show in Figure 1 some ionic currents waveforms from Usui’s model.
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The waveform more frequently used by authors in TES experiments is shown in Figure 2(A). However
waveform shown in Figure 2(B) fits more accurately with the human eye electrophysiology, since it is a copy of
the voltage waveforms registered at the cornea surface in response to a spot of light. It is interesting to note this
waveform is also, very much alike spikes elicited at ganglion cells through indirect activation (one-burst-per-
pulse) [13]. Parameters in TES used: amplitude values from —70 mV/50nA up to 120 mV/500 pA and frequen-
cies 11.8,22.3,34.5,45.5,90.9, 161.3,263.1 Hz [4].

3. MEMS Electrode Interfaces

Metallic Biomaterials are a critical class of biomaterials used in biomedical applications. Metal microelectrodes
applicability strongly depends on metal-oxide thin films properties to derive their corrosion resistance and bio-
compatibility properties [20]-[22]. Titanium, cobalt-chromium and stainless steel alloys are the principal ones
used in a preponderance of biomedical applications [19]. Even gold offers better biocompatibility properties
than titanium, titanium offers good biocompatibility in non-permanent Ophthalmic prosthesis as well as highly
resistant to corrosion in seawater and most chemical solutions used in fab process, and a low threshold potential.
Titanium was selected as a first approach for TES multi electrodes since it will be applied in animals during pe-
riods no longer than one hour a day. The microelectrodes must be electroplated with platinum or gold, in order
to get the highest biocompatibility properties. Flexible polyimide is selected as supporting substrate of Titanium
microelectrode array (MEA).

The Flexible Polyimide Microelectrodes Array has the capability to fit the surface of the cornea by a flexible
MEMS microelectrode array [23] [24]. We designed a MEMS microelectrode arrangement over a flexible po-
lyimide biocompatible substrate. It has been our goal to develop a flexible MEMS tech-neology to produce
smart skins with integrated MEMS devices that can be easily taped or glued on non-planar surfaces like the cor-
nea. The multi-electrode’s arrangement is supported by a thin layer of polyimide that is hewn into triangular
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Figure 1. Typical calcium-activated chloride current (IC1(Ca)) and calcium-activated potassium current (IK(Ca)) from
Usui’s model.
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Figure 2. (A) Biphasic waveform applied on most transcorneal experiments; (B) Simulation of the voltage waveform used in

our group in TES.



L. N. de-Rivera et al.

sections to properly fit the curvature of a curve surface like a contact lens case shown in Figure 3(A). A second
approach array is shown in Figure 3(C). The porpoise of this second approach is focused to stimulate a smaller
area of the cornea; however this approach can be used also to register aye surface potentials. So that the mul-
ti-electrode’s arrangement will fit the curved surface of the cornea as shown in Figure 3(C).

Polyimide is a soft transparent layer after spin coating and soft baking, than it fits curve surfaces. If required,
these thin-film microelectrodes could be platinized or gold covered to increase the thickness and surface rough-
ness; however Titanium electrodes have smooth surfaces and high impedance.

Process Development

The microelectrodes consist of alternating layers of polyimide-titanium-polyimide, which are patterned using
reactive ion etching. The microelectrodes are fabricated over a thin silicon wafer that is used only as a sacrificial
layer [25]-[27]. The titanium electrodes are fabricated over a thin silicon substrate and covered with a nitride
layer. Manufacturing process using standard micro fabrication techniques LIMEMS-Poly MUPs. The Polyamide
flexible substrate have demonstrated its biocompatibility, feasibility and efficiency [17] [18].

The masks are used to write different patterns. This process used three different masks to manufacture the
microelectrodes array described below and shown in Figure 4:
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Figure 3. (A) The multi-electrode’s arrangement is supported by a thin layer of polyimide that is hewn into triangular sec-
tions to properly fit the curvature of a contact lens; (B) Shows an interconnection schema between electrical signals and mi-
croelectrodes array; (C) Shows an alternative flexible polyimide microelectrodes array coupled to the surface cornea.
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Figure 4. MEMS processing consists of alternating layers of polyimide-titanium-polyimide, which are patterned using reac-

tive ion etching.



L. N. de-Rivera et al.

Mask # 1: Define the tracks, pads and microelectrodes in metal (titanium).

Mask # 2: Define the cavities, what serve as contacts for the slopes and the microelectrodes.

Mask # 3: Define a petal-shaped structure in structural material (polyimide)

Using standard micro fabrication techniques such as: lithography, evaporation tanks, reservoirs by PECVD,
deposits spinner, dry etched by RIE, wet etching in selective etching solution and etching electrolysis in alkaline
solutions. The following manufacturing process is developed (Figure 4).

Step 1: Deposit by evaporation of 1000 A titanium and 5000 A aluminum, sacrificial layer by etching elec-
trolysis.

Step 2: Deposit polyimide for spin coating at 2000 RPM @ 17 pm, being the structural material and Polyme-
rization polyamide by heat treatment, the ramp used is shown in Figure 5.

Step 3: Adhesion Polyimide to metal layers by RIE and Deposit evaporation titanium (5000 A), this layer
corresponds to the structural material, this deposition technique ensures better adhesion to the polymers.

Step 4: Lithography mask # 1, the technique is used for wet etching, engraving titanium for manufacturing
microelectrodes and tread connection, corresponding to electrical part of the device.

Step 5: Deposit for spin coating polyimide, structural encapsulating layer and isolation the titanium structures.

Step 6: Etching by “dry etching technique” mask # 2, using silicon nitride as the masking material, carrying
the masking photolithography to etch the contacts in polyimide by RIE.

Step 7: “dry etching technique” mask # 3, just as the process previous the mask # 3 is etch, what corresponds
to structural part of the device.

Step 8: Engraving of aluminum by electrolysis, for total liberation of the micro fabricated device is immersed
in an alkaline solution (2M-NaCl), aided by a positive voltage of 0.5 @ 500 mA for etching of aluminum.

Electrodes have lower level than lateral polyimide edges in order that metal get contact through conductive
liquid solution.

Si is the supporting substrate, which is used only during fabrication processing. In order to release the Si from
the polyimide conventional electrolysis is used; 2 Mol of NaCl, 0.5 volts @ 0.5 A [25] [28]. Flexibility of po-
lyimide and its capacity to adopt curved shapes is shown in Figure 8. The developed technique can be applied to
other curved shape.

4. Results
4.1. Manufacturing Results

Polyimide 2611 Kapton from Dupont was used as supporting microelectrodes substrate. Polyimide 2611 assures
good mechanical manipulation since let 10.5 pm thickness [29] [30].
Polymerization testing was done among various samples M1 to M5 using different thermal polymerization
ramps. We got best results with M5 sample polymerized according to temperature variation shown in Figure 5.
Absorption polyimide test was done by FTIR. Results are shown in Figure 6. M5 sample got the highest ab-
sorption coefficient. Imida 4 and Imida 2 both have the highest absorption and the lowest solvent NMP unde-
sired debris, letting good biocompatible and flexibility properties required.

4.2. Polyimide Roughness Measurements

Adhesion between metal and polymers is an important issue to consider. To ensure excellent adhesion, wear is
done by RIE to increase the mechanical bond [31]. AFM measurements show that RIE procedure got a better
roughness assuring the highest adherence between metal and polyimide as shown in Figure 7. Figure 7(A)
shows a 2611 polyimide surface about ~8.5 um thickness without wear while Figure 7(B) shows 2611 polyi-
mide surface with wear. We show in Graph 1 a numerical comparison of roughness: without wear and with
wear. An increase to peak to peak value, depth of valley and peak height of surface with wear, after RIE, is
higher than without-wear assuring a better adhesion between metal and polyimide.

4.3. Microelectrodes over a Flexible Polyimide Substrate

We show in Figure 8(A) the multi-electrode’s arrangement fabricated over a thin layer of polyimide that prop-
erly fits the curvature of a contact lens. Figure 8(B) shows an arrangement of sixteen electrodes over a polyi-
mide substrate, which is a multipurpose set. In TES is coupled to the cornea through the sixteen electrodes at the
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Figure 5. Ramp Thermal Polymerization of polyamide by heat treatment.
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Graph 1. Polyimide roughness measurements.
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Figure 8. (A) Microelectrodes over a curved surface; (B) Microelectrodes over a
Flexible polyimide Substrate.

center of the polyimide artifact and connected the an electronic system by the lines at both lateral outputs. The
polyimide artifact can be used in other applications like cell culture and register membrane potential.

4.4. Microelectrodes Electric Test

The microelectrodes under test were stimulated with low frequency (0 - 10 khz) sine waves, square, triangle and
saw tooth. It can be concluded that the inner capacitances and inductances are negligible since, as can be seen in
Figure 9, there is no distortion between (A) input (B) output signals through microelectrodes.

4.5. Non-Conventional Signal Generator

An electronic system generates non-conventional signal generator like Usui’s ionic currents among others. The
hole system has a friendly software interface that let call any one of pre programmed Usui’s ionic currents.

A graphical user interface allows the generation of sixteen stimulation signals. The Hardware-software based
waveform generator can produce sixteen different signals, each one characterized by its shape, amplitude, and
frequency. Waveform shape is acquired from a set of discrete X(n) waveforms previously defined. Waveforms
can be acquired also graphically by a virtual draw tool or even by a mathematical model. These signals are
transmitted using a simple USB port connected to microcontroller that generates the sixteen stimulation chan-
nels.

The stimulation system is able to recreate complex waveform as the ones found in electrophysiology. This
scheme can be used to obtain a class of multichannel stimulator that can be the core part of several biomedical
applications.

The desired action potential is sketched by friendly software showed in Figure 10. Each wave forms can be
acquired graphically by a virtual waveform draw tool, shown at top of Figure 10 like a graphic equalizer. A set
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of sixteen predefined waveforms can be selected from the button array in the lower of Figure 10. The friendly
software allows to define and select any new action potential required. The selected waveform is estimated by a
set of FIR filters. The FIR filter output is programed into a microcontroller’s memory, allowing converting the
digital data into an analogue signal

Then the output of an electronic system can be connected to the microelectrodes array to stimulate the cornea,
a tissue or even a cultivated cell by arrangement shown in Figure 8(B). Therefore waveforms and its parameters
represent specific biological ionic currents or any other non-conventional waveform required shown in Figure
11. Electronic system details are not discussed in this paper.
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A=5U 20ps  BI -+40.00ps B=5

Figure 9. Electric Test. The microelectrodes were stimulated with low frequency (0 - 10 khz),
there is no distortion between (A) input-(B) output signals.
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Figure 12. A Typical waveform we applied in TES. Amplitude values are selected from —70
mV/50nA to 180 mV/500pA and from —1.5 V to 2.8 V, and frequencies: from 11.8, 22.3, 34.5,
45.5,90.9, 161.3, to 263.1 Hz.

As a first approach, we applied eyelid stimulation to two young healthy voluntary. The applied waveform is
shown in Figure 12 using amplitude values from (=70 mV/50nA to —1.5 v) up to 180 mV/500pA to 2.8 v ), and
frequencies 11.8, 22.3, 34.5, 45.5, 90.9, 161.3, 263.1 Hz., During the test, patients reported subjective percep-
tions, emphasizing the sensation phosphine and in no case neither pain nor uncomfortable sensations were de-

scribed when eyelid stimulation was applied.



L. N. de-Rivera et al.

Patch clamp is widely used in cell electrophysiology allowing the study the performance of single or multiple
ion channels in cells. Many patch clamp amplifiers do not use true voltage clamp circuitry, but instead are diffe-
rential amplifiers that use the bath electrode to set the zero current (ground) level. We can use this proposal to
understand the effect of time varying electrical stimulation over specific ionic channels. We can stimulate cells
by specific time varying signals, instead of only by patch clamp DC step voltage techniques. Cell recording on
the cell can be acquired by the same Flexible Polyimide Microelectrodes Array proposed in this papers and
shown in Figure 8(B).

5. Conclusions

We proposed a new process for the manufacture of microelectrodes in a flexible substrate to be applied over the
surface of the ocular glove. Its feasibility and efficiency have been demonstrated. The simple procedure to hewn
polyimide into sections to properly fit the curvature of a contact lens case avoids other costly processes used in
deposit of metals over curved surfaces. However, thermal molding after processing is still an appropriate issue.

Using these procedures, most self-assembly processes, with silicon circuits, compound semiconductor devices,
and passive elements like micro coils, micro antennas, etc. can be integrated into thin flexible curved plastics
and properly operated. We show that micron-scale metal interconnects can be incorporated into a thin flexible
plastic substrate, and how the structure can be encapsulated in a biocompatible polymer. The developed tech-
niques can be also applied to stimulate cell bodies in a great variety of applications.

The flexibility to generate any desired action potential opens fresh opportunities to brand new experiments in
trancorneal stimulation. Non-conventional waveforms can reproduce any real biological waveform with 99.9%
accuracy like Usui’s ionic currents. Complex waveform and its parameters can be easily controlled with conven-
tional general-purpose electronic technology feasible at hand. These new methods to stimulate the retina open
brand new opportunities to understand more precisely the neuro-protection effects of electrical stimulation at the
inner retina. Most of the diseases derivative in vision lost are related to retinal degenerations (RDs) like retinitis
pigmentosa (RP) and age-related macular degeneration (AMD). RDs are health problems growing up all over
the world, and TES is an alternative to help people. Optimal TES parameters can be investigated, observing the
effects of firing specific inner retinal neural structures
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