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	 A fork-shaped retinal stimulator for a wide viewing angle was fabricated and 
demonstrated.  This stimulator has two flexible fork elements, each with a stimulus head.  
The two fork elements can be implanted at different places in the eyeball to cover a 
wider area of the retina.  The stimulus head has stimulus electrodes with the same shape 
as the electrodes utilized in a clinical trial for six weeks.  Complementary metal-oxide 
semiconductor (CMOS) microchips were integrated into the stimulator and mounted 
next to the stimulus electrodes.  Since stimulus current generators are integrated into the 
microchips, no external wires for stimulus current are required.  A multiplexer, which 
reduces the number of wirings, was also integrated into the microchips.  The fabricated 
stimulator was evaluated through in vivo animal experiments.  The stimulator was 
successfully implanted in two places of the eyeball.  Retinal stimulation by the device 
evoked nerve responses from optic chiasma and produced a specific peak of evoked 
potential.  Experimental results demonstrate the proof of concept of a fork-shaped 
stimulator and suggest that the same device configuration can realize multiple fork-
shaped stimulators for a wider viewing angle.  Moreover, increasing the number of fork 
elements of the multifork stimulator without additional wirings becomes possible.
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1.	 Introduction

	 A retinal prosthesis is a candidate device for blind patients to regain their 
vision.  Particularly in the cases of retinitis pigmentosa (RP) and age-related macular 
degeneration (AMD), although photoreceptor cells are degenerated, some of the retinal 
cells that include ganglion cells remain.  Retinal stimulation can be applicable to these 
diseases.  Electrical stimulation of the remaining cells evokes visual sensation as 
phosphene.  
	 There are three methods of retinal stimulation as shown in Fig. 1.  Epi-retinal 
stimulation(1,2) has a lower threshold of electrical stimulation.  A retinal stimulator faces 
the retina from the inner side of the eyeball.  This configuration causes difficulty in fixing 
the retinal stimulator.  In sub-retinal stimulation,(3–6) the fixation of the retinal stimulator 
is tighter than that in epi-retinal stimulation.  However, surgical operation, which is 
the insertion of the retinal stimulator under the retina, is difficult.  In suprachoroidal-
transretinal stimulation (STS)(7,8) which is the third method, the position of the retinal 
stimulator is very different from those in the other methods.  The retinal stimulator, 
which is implanted outside of the choroid, does not touch the retina directly.  Therefore, 
intraocular surgery is not required.  Invasiveness is lower and safety is higher than the 
other methods that require intraocular surgery.  In the retinal prosthesis, viewing angle is 
also as important as resolution.  As explained in the next section, in the case of the STS 
method, large-area stimulation of the retina is possible by the implantation of a large 
retinal stimulator that covers a large area of the eyeball.
	 Our research group has been focusing on the STS method.  A prototype of the 
retinal prosthetic system used in the STS method was developed successfully, and a 
semiacute clinical trial was performed.(9,10)  As a next-generation retinal stimulator, a 
complementary metal-oxide semiconductor (CMOS) integrated retinal stimulator was 
also proposed and demonstrated.(11–15)  The possibility of realizing super-multielectrode 
arrays, such as an array of one thousand electrodes, was proved using CMOS technology.  

Fig. 1.	 Three approaches for retinal stimulation. (a) Epi-retinal stimulation. (b) Sub-retinal 
stimulation. (c) STS.
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	 In the STS method, the distance between the retina and the stimulus electrodes is 
larger than those in the other methods.  This distance results in a higher threshold of the 
stimulation as a result of the spreading of the stimulus current.  Typical threshold current 
ranges from several tens of µA to a few hundreds of µA.  Large electrodes are necessary 
to allow higher stimulus currents.  In a semiacute clinical trial, bullet-shaped electrodes 
of 500 µm height and diameter were adopted.  Also, in the case of CMOS-based retinal 
stimulators, an array of larger electrodes was fabricated using stimulus electrodes, which 
were the same as the electrodes utilized in the clinical trial.(9,10)  The electrodes were 
hybrid-mounted to a flexible substrate with CMOS microchips.  Bulk electrodes become 
smart electrodes through the integration of CMOS microchips, and they obtain functions 
of a multiplexer and a stimulus current generator.  The smart-wiring technology, which 
is the integration of individual microchips into the electrode, realizes a reduction in the 
number of wires used.  The reduction in the number of wires is a critical problem in 
realizing a multichannel stimulator.  
	 For expansion of the viewing angle, the integration of CMOS microchips is 
suitable because a larger retinal stimulator that covers a wider area of the retina has a 
larger number of electrodes.  However, even if a larger stimulator can be developed, 
implantation of the large stimulator to the eyeball becomes complicated because of 
interference with blood vessels and nerve bundles.  To solve this problem, we propose an 
approach that covers the eyeball with a multifork stimulator as shown in Fig. 2.  Stimulus 
electrodes are mounted on a flexible multifork-shaped substrate.  Each fork element can 
be implanted easily and gaps between the forks can be utilized to avoid interference 
with blood vessels and nerve bundles.  As a first step to develop a multifork stimulator, 
a prototype of a fork-shaped stimulator was fabricated in this study.  As shown in Fig. 
3, a simple forked stimulator with two stimulus heads was fabricated to demonstrate the 
proposed concept.  The integration of CMOS microchips was performed, and dedicated 
microchips were designed and fabricated.  The fabrication process was optimized, and 
then the stimulator was fabricated using the optimized process.  The fabricated stimulator 
was evaluated through animal experiments for functional validation.

Fig. 2 (left).   Conceptual figure of multifork stimulator.
Fig. 3 (right).   Prototype of fork-shaped stimulator.
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2.	 Device Structure

2.1	 Overview of fork-shaped retinal stimulator
	 Figure 4 shows an overview of the fork-shaped retinal stimulator.  A flexible 
printed circuit (FPC) made from a polyimide film is used as the flexible substrate of the 
stimulator.  Other elements of the stimulator, which are stimulus electrodes and CMOS 
microchips, are mounted on the flexible substrate.  The stimulator is 20 cm long and is 
divided into two fork elements at the center.  The tips of the elements are stimulus heads 
with stimulus electrodes.  In this study, only two electrodes are mounted on the stimulus 
head to perform animal experiments as functional validation.  A small head is required 
for experimental animals with smaller eyeballs than humans.  If a larger stimulus head 
is allowable, more electrodes should be mounted on the stimulus head using the same 
device configuration.  
	 The cross-sectional structure of the stimulus head is shown in Fig. 5.  The 
fundamental structure is the same as in our previous works(16,17) however, a different 
method for the fixation of the stimulus electrode is used.  Stimulus electrodes and CMOS 
microchips are connected to each other.  The stimulus electrodes are controlled by 
CMOS microchips that supply stimulus current.  

Fig. 4.	 Overview of fork-shaped stimulator.

Fig. 5.	 Cross-sectional structure of stimulus head.



Sensors and Materials, Vol. 26, No. 8 (2014)	 641

2.2	 CMOS microchip
	 Dedicated CMOS microchips serve as controllers of the stimulus electrode and 
stimulus current generator.  The basic architecture of the microchips used in this work 
is the same as that in the previous work.(15)  As shown in Fig. 6, all of the microchips 
mounted on the retinal stimulator are connected to the common bus line for control 
signal and power supply.  The number of bus lines is not changed by the number of 
microchips.  In this work, four microchips were connected to the common bus line.  The 
microchips were designed and fabricated with 0.35 µm standard CMOS technology.  The 
die size is 400 µm sq. as shown in Fig. 7.
	 In the previous work,(15) an intrinsic chip ID number, which is used for the selection 
of a control target, was programmed in the chip design step.  Therefore, it was not 
practical to provide many different ID numbers, because many different chip designs 
should be prepared.  To solve this problem, we propose chip ID writing after CMOS 
chip fabrication.  The chip ID number can be programmed by cutting fuse lines by laser 
processing as shown in Fig. 7.  

Fig. 6.	 Connection of microchips through common bus line.

Fig. 7.	 Photograph of CMOS microchip. The enlarged micrograph shows a chip ID generator.



642	 Sensors and Materials, Vol. 26, No. 8 (2014)

2.3	 Stimulus electrode
	 Figure 8 shows the stimulus electrode.  The electrode is made of platinum and has 
the same bullet shape as the electrodes utilized in a semiacute clinical trial.(9,10)  The 
electrodes of 500 µm height and diameter are fabricated by a machining process using a 
precision lathe.  At the bottom of the electrodes, a stem is formed to fix the electrodes to 
a flexible substrate.  Platinum washers (Fig. 9) made from a 20-µm-thick platinum film 
are also used to fix the electrodes.  The fabrication process is explained in the following 
chapter in detail.

3.	 Device Fabrication

	 The fork-shaped retinal stimulator was fabricated through the process steps shown in 
Fig. 10.  Details of the fabrication process are shown as follows.
1.	 Chip ID writing

Fuse lines, which define the chip ID number, were cut by laser processing.  8-Bit 
binary ID numbers were assigned to each microchip to be mounted on the stimulator.  

2.	 Stud bump formation on CMOS die
Au stud bumps for flip-chip bonding were formed on the CMOS die.  The diameter 
of the stud bumps is 80 µm.

3.	 Chip separation
The CMOS die was scribed to the microchips by a mechanical dicing process.  

4.	 Leveling of electrode pads of flexible substrate
Au stud bumps were formed on electrode pads of the flexible substrate to be used 
for connecting the CMOS microchips.  Then, the bumps formed were tamped and 
leveled by pressing a flat glass.

5.	 Flip-chip bonding of CMOS microchips
The CMOS microchips were mounted on the flexible substrate by flip-chip bonding 
technology.  Anisotropic conductive paste (TAP0401C, KYOCERA Chemical 
Corporation) was used for sure connection and mechanical reinforcement.

Fig. 8 (left).  Bullet-shaped stimulus electrode.
Fig. 9 (right).  Pt washer for electrode fixation.
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6.	 Waterproof coating
	 The flexible substrate where the CMOS microchips were mounted was entirely 

coated by parylene-C for waterproofing and biocompatibility.(18)  
7.	 Mounting of stimulus electrodes
	 After the coating, the electrode pads for stimulus electrodes were covered with a 

parylene film.  To remove the parylene film from the electrode pads, laser processing 
was performed.  Each stimulus electrode was set to a jig, and then the stem of the 
stimulus electrode was passed through a hole of the flexible substrate.  After setting 
a Pt washer to the stem, the stem was crimped by a die.  The stimulus electrode was 
fixed mechanically and connected electrically to the flexible substrate.

8.	 Insulation of stimulus electrodes
	 The crimped side of the electrodes was covered with epoxy resin for waterproofing.
	 The fabricated retinal stimulator is shown in Fig. 11.  Figure 11(a) shows the front 
side of the stimulus head.  Four electrodes were mounted on the flexible substrate.  Some 
white patterns such as scratches are halations of the flexible substrate surface.  Figure 
11(b) shows the back side of the stimulus head.  CMOS microchips were mounted next 
to the stimulus electrodes.  In an enlarged photograph, the crimped stem of the electrode 
can be confirmed.  The perimeter of CMOS microchips was surrounded by anisotropic 
conductive paste.  Figure 11(c) shows the side view of the stimulus head.  The bullet 
shape of the electrode can be observed in the photograph.  The interval of the two 
electrodes mounted on the stimulus head is 2 mm.

Fig. 10.	Fabrication process for stimulator.
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4.	 Functional Validation

4.1	 Experimental setup
	 Functional validation of the fabricated stimulator was performed through in vivo 
animal experiments.  All of the animal experiments were regulated by the guidelines 
of Osaka University for animal experiments.  Figure 12 shows the configuration of the 
in vivo animal experiment.  An anesthetized cat was used for this animal experiment.  
Two stimulus heads were implanted to the eyeball.  The connector of the fabricated 
stimulator was connected to a control box.  The control box, which supplies DC power 
and provides control signals to the CMOS microchips mounted on the stimulator, was 
linked to a laptop computer.  A bipolar electrode for recording was inserted into the optic 
chiasma and connected to a recorder through a differential amplifier.(19)  The timing pulse 
of stimulation was generated by the control box and was sent to the recorder as a trigger 
signal to start recording.

4.2	 Surgery
	 Two stimulus heads were implanted to the eyeball.  Intrascleral pockets for 
implantation were formed at two different positions.  Each stimulus head was inserted 
into each intrascleral pocket as shown in Fig. 13.  After the surgery, ophthalmoscopy was 
performed.  Figure 14 shows a photograph of the fundus.  The positions of the stimulus 
electrodes can be confirmed clearly from this photograph.

Fig. 11.	 Photographs of stimulus heads of fabricated stimulator.  (a) Front view. (b) Back view. (c) 
Side view.
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4.3	 Electrophysiological experiment
	 The neural response evoked by the retinal stimulation was measured.  A cathodic 
first biphasic pulse was used for the stimulation.  The duration of both the cathodic and 
anodic pulses was 500 µs with no interpulse duration.  The stimulus current was varied 
to 75, 140, and 330 µA.  The neural response evoked by the retinal stimulation was 
observed at the optic chiasma.  The output of the amplifier connected to a recording 
electrode was recorded by a recorder.
	 Figure 15 shows the results of the electrophysiological measurement.  In the cases of 
140 and 330 µA stimulations, a specific waveform after the stimulation was observed.  
The latency of the specific peak observed after the stimulation is the same in both cases.  
On the other hand, no specific peak was observed in the case of 75 µA stimulation.  From 
the results, the threshold of the retinal stimulation was determined to be higher than 75 
µA and lower than 140 µA.  By comparing the results of 140 and 330 µA stimulations, 
a strong stimulation is considered to evoke a large response.  Thus, in our in vivo animal 
experiments, the fabricated stimulator was successfully implanted to the eyeball and the 
stimulus function was also demonstrated successfully.  

Fig. 12.	Experimental setup of in vivo experiments.

Fig. 13 (left).  Implantation of stimulator to eyeball.
Fig. 14 (right).  Fundus photograph after implantation.
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5.	 Conclusions

	 A retinal stimulator for a retinal prosthesis that realizes expansion of the viewing 
angle was described in this paper.  As one of the approaches, a multifork retinal 
stimulator was proposed.  A prototype of a fork-shaped retinal stimulator with two 
fork elements was fabricated to demonstrate the proposed concept.  Smart electrodes 
integrated with CMOS microchips were utilized in the stimulator.  The integration of 
CMOS microchips controls the stimulator with few wires even if the number of stimulus 
electrodes is increased.
	 A dedicated CMOS microchip was designed and fabricated.  This microchip 
functions as a multiplexer and a stimulus current generator.  The chip ID number can 
be written arbitrarily after the chip fabrication by laser processing.  CMOS microchips 
were mounted onto a flexible substrate using flip-chip bonding technology.  Stimulus 
electrodes with the same bullet shape as the electrodes used in a semiacute clinical 
trial were mounted next to the CMOS microchips.  An in vivo animal experiment was 
performed as a functional validation of the fabricated stimulator.  The stimulator was 
implanted to the eyeball, and current-controlled retinal stimulation was performed.  The 
responses to the stimulation were observed at the optic chiasma.  The evoked potential of 
nerve responses was observed clearly as a result of retinal stimulation.
	 The proposed concept of the fork-shaped stimulator was successfully demonstrated.  
The fabricated simple fork stimulator has expandability toward multifork stimulators 
with the same configuration.  To realize multifork stimulators, the evoked area of the 
retina stimulated by one electrode should be investigated.  The spread of stimulation can 
be discussed through an estimation of the evoked retina by optical imaging of the fundus.(19,20)  
Miniaturization of stimulus electrodes should be realized for multifork stimulators to 
mount a large number of electrodes.  Miniaturization of the electrodes can be achieved 
by surface coating of the electrodes.(21,22)  Owing to these technologies, a wide-view 
retinal prosthesis might be achieved using multifork stimulators.

Fig. 15.	Results of electrophysiological measurement.
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