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	 A smart electrode that has a built-in CMOS microchip was fabricated for use as a retinal 
stimulator used in retinal prostheses.  The CMOS microchip was embedded into the core of a 
bullet-shaped stimulus electrode with a microcavity.  Because the microchip has a multiplexer 
function and a stimulus current generator, sophisticated functions could be implemented by the 
smart electrode.  An array of more than one thousand electrodes, which would restore sight in 
high resolution, could be realized by using this smart electrode.  A proof-of-concept electrode 
was fabricated through the development of an assembly process.  We evaluated the fabricated 
electrode implanted in extracted animal tissue to simulate practical use.  Based on this ex vivo 
experiment, the fabricated electrode showed optimal performance for retinal stimulation.  
This result is a first step in the development of next-generation retinal prostheses, which will 
accomplish the restoration of high-resolution sight capable of character recognition.

1.	 Introduction

	 In the field of sensory prostheses, many devices have been developed for practical use 
in clinical medicine. Retinal prosthesis technology is attracting attention as a candidate for 
restoring the sight of blind patients.(1)  Certain retinal prosthesis systems have been granted CE 
marking and/or Food and Drug Administration (FDA) approval for chronic implantation.(2–7)  

Retinal prostheses are in the start-up phase of practical use.  Currently, the recovery of eyesight 
is restricted because of the very limited number of stimulus points compared with the number of 
retinal cells.  Increasing the number of stimulus points is one of the issues that must be resolved 
to provide high-resolution visual information to patients.
	 There are three major methods for retinal prosthesis: epi-retinal stimulation, sub-retinal 
stimulation, and suprachoroidal-transretinal stimulation (STS).(8)  Figure 1 shows a schematic 
representation of STS.  In the STS approach, an array of stimulus electrodes is implanted into 
an intrascleral pocket located underneath the choroid layer of the eyeball.  The STS approach 
is safer than other approaches, because the stimulus electrodes do not touch the retina and 
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no intraocular surgery is required.  Although the gap between the stimulus electrode and 
the retinal cells is one advantage of STS in terms of retinal protection, this gap also causes a 
requirement for a high stimulus intensity for evoking the retinal cells due to the stimulus current 
spreading.  Although the stimulus threshold varies depending on various parameters, such as 
electrode dimension, stimulus pulse parameters, and the implantation condition, based on our 
experience, a stimulus current of 100–200 µA is typically required to evoke the retinal cells.(9,10)  
Therefore, in the STS, large electrodes are required to provide the current (charge) density 
limit for safe stimulation of the retina.  In the case of STS, clinical trials have been successfully 
performed.(11)  A larger array of stimulus electrodes is required for the next-generation retinal 
stimulator.  To help accomplish this, we have developed electrode arrays using smart-wiring 
technology combined with a CMOS microchip.(9,10,12)  These arrays can control more than one 
thousand electrodes using only four wires.  However, poor durability can be expected, because 
the CMOS microchips are exposed on a flexible substrate without a metal casing.  Moreover, 
the architecture has an intrinsic weak point, i.e., extra space is required for CMOS microchip 
implementation, which prevents the high-density integration of stimulus electrodes.
	 To solve these problems, we propose a smart electrode device with an embedded CMOS 
microchip inside the electrode.  Figure 2 shows a conceptual figure of the smart electrodes.  
Satisfactory durability can be expected because the CMOS microchip is protected by an 
electrode that acts as a metal casing.  The proposed architecture requires no external footprint 
for microchip assembly; therefore, high-density arrays can be fabricated.  In this study, 
we designed and fabricated a prototype of the smart electrode.  The stimulus function of 
the fabricated electrode was demonstrated through an ex vivo experiment using extracted 
animal tissue.  Whereas the concept of the smart electrode and results of its fundamental 
characterization were described in our previous work,(13) detailed discussions were not provided 
therein.  In this paper, we describe the detailed design of the key components: the microchip, 
flexible substrate, and stimulus electrode.  The process flow of microchip separation and the 
assembly of the components are also explained in detail.  From the results of the functional 
validation, the electrical properties of the fabricated electrode, which directly reflect the built-in 
microchip characteristics, are analyzed and discussed in detail.
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Fig. 1.	 (Color online) Schematic of STS.
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2.	 Fabrication of the Device

	 In this section, the design and fabrication processes of the smart electrode are explained in 
detail, after a brief explanation of its structure.  As shown in Fig. 2, the bullet-like outer shape 
of the electrode is the same as that of an STS prototype system used in clinical trials.(11)  The 
electrode has a microcavity at its bottom, into which a circular CMOS microchip is embedded.  
Both the microchip and the electrode are mounted on a flexible substrate.  

2.1	 Dedicated CMOS microchip

	 A dedicated microchip was designed for the smart electrode.  The design specifications are 
shown in Table 1.  Figure 3 shows a block diagram of the circuit modules integrated into the 
microchip.  The microchip has a multiplexer function and a stimulus pulse generator.  There are 
five external connections: two DC power supplies, two control signals, and a stimulus output.  
Even in the case of a large-scale array of the smart electrode, such as more than one thousand 
electrodes, the microchip can be operated using four wires.  A target microchip can be selected 
and controlled using its intrinsic chip ID number, which is up to 1024 (10 bit).  The microchip 
was designed with 0.35 µm standard CMOS technology, as shown in Fig. 4.  To embed the 
microchip into a stimulus electrode, the microchip was designed to be circular, with a diameter 
of 370 µm.
	 Ten microchips were fabricated per die.  Conventional dicing methods, i.e., mechanical 
dicing, cannot be applied to the separation of the microchips, because the outer shape of the 
microchips is circular.  Therefore, the fabricated microchips were separated by etching the 
perimeter of the microchips.  This separation process plays a role not only in chip separation but 
also in processing the outer shape of the microchip into a circle.  Figure 5 shows a schematic 
of the process flow of the microchip separation.  The initial state is as shown in Figs. 5(a-1) 
and 5(b-1).  In the first step, as shown in Figs. 5(a-2) and 5(b-2), a Ti film, which was used as 

Fig. 2.	 (Color online) Conceptual figure of a smart electrode array.  The inset shows the structure of the smart 
electrodes with the built-in CMOS microchips.
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Table 1
Design specifications of the microchip.
Technology 0.35 µm standard CMOS process
Power supply voltage DC 5.0 V
Number of input pads 4 (VDD, GND, Control #1, Control #2)
Number of output pads 1 (stimulus output)
Chip ID number Maximum 1024 (10 bit)
Stimulus mode Biphasic constant current pulse
Stimulus current intensity Maximum ± 1000 µA (50 µA step)
Chip size ϕ370 µm (circle)
Chip thickness 100 µm

Fig. 3.	 Block diagram of the dedicated CMOS 
microchip for the smart electrode.

Fig. 4.	 (Color online) CAD layout of dedicated 
CMOS microchip for the smart electrode.
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Fig. 5.	 (Color online) Process flow of microchip separation.  (a-1)–(a-5) show the process flow in plan view, and (b-1)–
(b-5) show it in cross-sectional view.
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an etching mask, was deposited and patterned on the back side of the die, i.e., the side opposite 
the CMOS circuit layer.  Then, Au stud bumps were formed on the microchips’ electrode pads, 
as shown in Figs. 5(a-3) and 5(b-3).  Next, the Si substrate of the microchip was etched from 
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the back side of the Ti mask.  The Si etching was stopped, as shown in Figs. 5(a-4) and 5(b-
4), when the passivation layer of the microchip was exposed.  Finally, as shown in Figs. 5(a-
5) and 5(b-5), the passivation layer was etched completely, and the microchips were separated.  
Simultaneously, the outer shapes of the microchips were processed into circles.  Figure 6 shows 
a micrograph of a dedicated microchip after the chip separation process.

2.2	 Stimulus electrode

	 Bullet-shaped bulk electrodes were fabricated with the dimensions shown in Fig. 7.  The 
diameter and height of the electrode are 550 and 500 µm, respectively.  Ti was used as the 
electrode material, and the electrodes were fabricated from a Ti block using a precision 
machining process.  The tips of the electrodes were rounded to the same shape as those used 
in the clinical trial.(11,14)  The bottom core of the electrode was milling-processed to form 
a microcavity that accommodates the dedicated microchip.  Because Ti has insufficient 
electrochemical performance for neural stimulation, the surfaces of the electrodes were coated 
with a 200-nm-thick Pt film.

2.3	 Flexible substrate

	 A flexible substrate was designed and fabricated as shown in Fig. 8.  The substrate is a 
conventional double-side flexible printed circuit (FPC) made of polyimide.  The internal wiring 
of the FPC was Cu.  The electrode pads were plated with Au.  One end of the 135-mm-long FPC 
is the stimulus head that has a 6 × 5 electrode array.  Each electrode site of the array has five 
electrode pads for the CMOS microchip connection and a donut-shaped electrode pad for the 
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stimulus electrode.  Since the CMOS microchip has a multiplexer function, all electrodes on 
the stimulus head can be controlled by four bus wires.  However, in this study, independent bus 
wirings were designed for each column to allow redundancy in the first prototype of the smart 
electrode array.

2.4	 Assembly of smart electrode

	 In the first step of the assembly process, Au stud bumps were formed on the five electrode 
pads of the FPC, which were used for the CMOS microchip connections, to level the height of 
the electrode pads.  After the pads were leveled, the separated microchip was flip-chip-bonded 
onto the flexible substrate, as shown in Fig. 9.  Anisotropic conductive paste (TAP0402E, 
KYOCERA Chemical Corporation) was used in the flip-chip bonding as the conductor and 
reinforcing material.  The bullet-shaped stimulus electrode was mounted on the flexible 
substrate to cover the microchip.  Using SEM images of the microchip and the stimulus 
electrode, we show a schematic of the stimulus electrode assembly in Fig. 10.  The microchip 
was fully embedded in the microcavity.  The bottom of the stimulus electrode was connected 
to the donut-shaped pad on the FPC by conductive resin (EPO-TEK H20E, Epoxy Technology).  
Finally, the bottom perimeter of the stimulus electrode, which is the boundary between the 
microchip and the FPC, was made water-tight by sealing with epoxy resin.  Figure 11 shows a 
fabricated smart electrode after the assembly process.  
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Fig. 8.	 (Color online) Photograph of the flexible substrate.  The center inset shows the stimulus head with the 6 
× 5 electrode site.  The enlargement on the right shows a micrograph of electrode pads for the CMOS microchip 
and stimulus electrode.  The five electrode pads (P1–P5) correspond to the electrode pads on the CMOS microchip 
shown in Figs. 4 and 6.  A donut-shaped pad connected to pad P5 is used for mounting the stimulus electrode.
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3.	 Functional Validation

3.1	 Evaluation without implantation

	 In the first stage of the functional validation, the fabricated electrode was evaluated without 
implantation to confirm the operation of the electrode and to characterize the electrical 
properties.  DC power and control signals were supplied to the electrode.  A probe needle was 
contacted with the top of the fabricated electrode to measure the output current.  A resistance of 
500 Ω was connected to the probe as a dummy load in place of biological tissue.
	 The output controllability was evaluated.  The fabricated electrode was programed to 
monophasic stimulation, i.e., anodic stimulation or cathodic stimulation.  The programed 
output intensity was varied from 50 to 1000 µA.  The output current of each programed value 
was measured, as shown in Fig. 12.  The output intensity can be controlled on the basis of the 
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Fig. 9.	 (Color online) Photograph of CMOS micro-
chip after the flip-chip bonding process.

Fig. 10.	 Schematic of the electrode assembly.

Fig. 11.	 (Color online) Photograph of the assembled smart electrode.
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programed current value.  The output tolerance to the ideal value was less than 5%.  The output 
controllability of the fabricated electrode was confirmed to have sufficient accuracy for retinal 
stimulation.
	 The property of biphasic stimulation, which is necessary for the safe stimulation of the 
retina, was evaluated.  The fabricated electrode was programed to the anodic-first biphasic 
stimulation mode with a stimulus intensity of 600 µA, pulse duration of 700 µs, interpulse 
duration of 350 µs, and repetition interval of 2.2 ms.  Figure 13 shows the measured waveform 
in the anodic-first biphasic stimulation mode.  Complementary current pulses with the 
programed pulse parameters were successfully observed.  

3.2	 Ex vivo experiment

	 An ex vivo experiment using biological tissue was performed to evaluate the stimulus 
function.  Figure 14 shows the setup of the ex vivo experiment.  An extracted pig eyeball was 
used for the experiment.  The fabricated electrode and a return electrode, which is a Pt wire 500 
µm in diameter and 1 cm in length, were implanted into the eyeball with the STS configuration.  
For the electrode implantation, an intrascleral pocket was formed in the eyeball.  Then the 
fabricated electrode was inserted into the pocket, as shown in Fig. 15.  A return electrode was 
implanted into the side opposite the fabricated electrode.  Control signals were supplied from a 
laptop computer via a control box.  DC power was also supplied to the electrode from the control 
box.  The fabricated electrode was programed and operated in the biphasic stimulation mode 
with different stimulus currents as a parameter.  A current to voltage (I–V) converter using an 
operational amplifier (TLV2372, Texas Instruments Incorporated), which was implemented in 
the control box, was inserted into the stimulus current path to monitor the stimulus current.  
Waveforms of the stimulus current were recorded using an isolated oscilloscope (GR-7000, 
Keyence Corporation).

Fig. 12.	 Output linearity versus programed current.  The polarity of the output current was positive for the source 
current from the electrode, and negative for the sink current to the electrode.  The dashed lines show ideal output 
versus programed current.
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	 Figure 16 shows the observed waveforms of the stimulus current.  The fabricated electrode 
successfully output a cathodic-first biphasic pulse that was the same as the stimulation used in 
the clinical trial.(11)  The stimulus intensity could be controlled to be the same as the programed 
value.  From these results, the stimulus function of the fabricated electrode was demonstrated 
successfully under the same implantation situation as in practical use.  Although the biphasic 
pulses were successfully output, the waveform of the stimulus pulse was not rectangular.  This 
is because the stimulus current generator that is integrated into the CMOS microchip was 
not capable of providing sufficient constant current regulation.  The load estimated in the 
stimulation during the implantation was large in comparison with the validation in the dry state 
described in Sect. 3.1.  The introduction of a circuit with a higher output impedance as an output 
stage of the stimulus current generator will provide sufficient current regulation capability in 
our future work.

Fig. 13.	 Waveform of output current in anodic-first biphasic mode operation.

Connection board
Return 

electrode

Laptop PC

Ba�ery

Fabricated 
electrode

Oscilloscope

C
on

tro
ls

ig
na

l

DC power
Control signal

Monitored stimulus current

I-V
co

nv
er

te
d

s�
m

ul
us

 c
ur

re
nt

 

Pig 
eyeball

Control box Scleral pocket

Stimulus head
Fabricated electrode

Return 
electrode

Extracted eyeball

Fig. 14.	 (Color online) Experimental setup of the ex 
vivo experiment.

Fig. 15.	 (Color online) Photograph of extracted pig 
eyeball after implantation of electrodes. Left photo-
graph shows enlargement of electrode implantation 
area.



176	 Sensors and Materials, Vol. 30, No. 2 (2018)

4.	 Conclusions

	 A smart electrode that has a built-in CMOS microchip was fabricated and demonstrated, with 
an eye to a next-generation retinal prosthesis.  The stimulus function of the fabricated electrode 
was successfully validated through an ex vivo experiment with the same configuration as that in 
its potential practical use.  From the results of our previous work,(9,10) where we used electrodes 
of the same size, the threshold current to evoke a retinal reaction is known to be 100–200 µA.  
Because the fabricated electrode demonstrated a sufficient margin of stimulus intensity, retinal 
cells might be stimulated using the electrode.  We plan to perform in vivo experiments to prove 
the potential of the electrode.  In this work, we only demonstrated single-electrode operation to 
validate the concept.  The architecture of the fabricated electrode is suitable for a larger array, 
which is expected as a next step.  The large array may enable high-resolution sight restoration, 
which will allow for character recognition, and improve the quality of life of patients.
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