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	 Retinal degenerative diseases result in a progressive degeneration of photoreceptors in the 
retina and eventually lead to complete blindness.  Among the many approaches tested, electrical 
stimulation of the remaining retinal neurons has shown the most promising results for vision 
rehabilitation of the blind.  However, to improve the performance of retinal prosthetic systems, 
the fabrication of a device with a large number of stimulation electrodes is essential.  For the 
successful development of a high-resolution prosthetic device, it is necessary to conduct highly 
collaborative research on microelectrode arrays and stimulation circuits, as well as verification 
of this research in animal experiments.  In this paper, the requirements for a high-resolution 
retinal prosthetic system are explained, and then research efforts from around the world 
including the strategies of our research group to make major breakthroughs in artificial retina 
research are reviewed in detail.

1.	 Introduction

	 Retinal degeneration, such as retinitis pigmentosa (RP) and age-related macular degeneration 
(ARMD), is a condition that affects the photoreceptors in the retina and causes progressive loss 
of vision.(1–3)  These diseases cause the progressive degeneration of photoreceptors; however 
significant numbers of inner retinal cells, including bipolar and ganglion cells, continue to 
function even in the final stages of such diseases.(4,5)  Treatments such as gene therapy,(6) 
drug medication,(7) and cell transplantation(8) have been reported to recover the degenerated 
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photoreceptors, but those treatments have not shown satisfactory results.  Therefore, electrical 
stimulation of the remaining retinal cells to evoke action potentials has been researched as an 
alternative to restore a limited form of vision in patients with retinal degenerative diseases.  
Clinical studies have shown that induced action potentials from the electrical stimulation of 
the surviving cells are propagated through the nerve to the visual cortex of the brain.(9,10)  In 
a normal retina, the photoreceptors modulate the released neurotransmitters in response to 
light and stimulate the bipolar and ganglion cell layers.(11)  For electrical stimulation methods, 
a microelectrode array (MEA) is used to replace the functions of degenerated photoreceptors 
by delivering electrical signals to the surviving inner cell layers.(12,13)  Images from an external 
camera are converted into electrical signals by processing units, and transmitted to the retinal 
network through the embedded MEA in the patient’s eye, which electrically stimulate the 
surviving inner neurons.  Figure 1 shows a schematic diagram of the conventional retinal 
prosthetic system consisting of an external camera, signal processing circuitry, and MEA.  
	 In electrical stimulation methods, a large number of microelectrodes are required.(14)  
However, the number of microelectrodes is limited by the overall size of the MEAs, which is 
determined by the area of the retina.  Generally, an electrical stimulation method using current 
injection requires high output voltage compliance.  Current amplitude ranging from a few 
tens of microamperes to a few hundreds of microamperes is required to evoke and increase 
the number of neuronal spikes of the retinal cells.(15)  The decreased surface area of the single 
microelectrode required for the high-resolution MEA leads to a higher electrode impedance, 
which limits the amplitude of the injection current.(16)  Therefore, to inject a sufficiently 
large current into high-resolution MEAs, research on microelectrode impedance and current 
stimulation circuits is necessary.
	 In this paper, we review the implementations of high-resolution retinal prosthetic systems.  
First, the high-resolution system requirements and the achievements of research groups from 
around the world are briefly reviewed.  Then, the methodologies and results of our research 
group in high-resolution artificial retina research from the past 18 years are explained and 
summarized in detail.  The development of three-dimensional (3D) microelectrodes to achieve 

Fig. 1.	 Schematic of the conventional retinal prosthetic system.
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low interface impedance and high spatial resolution without reducing the effective surface 
area is summarized in Sect. 2.  The development of current stimulation circuits to drive a large 
number of microelectrodes and the experimental results from animals are reviewed in detail in 
Sects. 3 and 4, respectively.  

2.	 High-resolution Microelectrode Arrays

2.1	 Microelectrode array

	 Although it is difficult to compare the resolution of a digital camera and that of a human eye, 
it has been widely suggested that the highest density region of the human eye corresponds to 
one hundred million pixels.  In fact, the retina of the human eye has about 120 million rod cells, 
6 million cone cells, and 1.3 million ganglion cells.  Considering the size of the human eye, 
the single pixel size of retinal prostheses would be less than 20 μm.  Therefore, it is not easy to 
restore complete visual acuity of a normal eye using the technologies available today.
	 Recognizing objects mainly relies on a spatial resolution.  A visual angle of 0.5° corresponds 
to a visual acuity of 1/35, at which clinical tests can begin.(17)  Therefore, for retinal implants 
to restore vision, a minimum visual angle of 0.5° is the goal.  For daily-life activities, including 
eating, washing, and navigation, higher-order visual angles must be achieved.  The minimum 
spatial resolution required for artificial vision to be useful can be derived using psychophysical 
methods.(18–20)  Sommerhalder et al. reported that at least 300 sampling points are necessary for 
near-perfect reading.(18)  Cha et al. reported that an additional 200 sampling points are needed 
for safe navigation in outdoor environments.(19)  The number of sampling points refers to the 
number of stimulation electrodes, which means that at least 500 microelectrodes should be 
placed in a single MEA for practical use to restore limited vision.
	 Cao et al. simulated the effects of various 3D microelectrodes, and compared them with 
two-dimensional (2D) microelectrodes.(21)  Heuschkel et al. reported a mountain-like 3D MEA 
on a rigid substrate,(22) and Wang et al. fabricated a mountain-like 3D MEA on a flexible 
parylene substrate.(23)  Rajaraman et al. developed a cone-structured 3D MEA for in vitro 
brain slice recording.(24)  Bhandari et al. reported a convoluted-shaped 3D MEA on a rigid 
substrate.(25)  Hungar et al. developed a simple post-shaped 3D MEA on polyimide,(26) and Kim 
et al. reported a mushroom-shaped 3D MEA on polyimide for retinal prostheses.(27)  Scribner 
et al. developed a convoluted 3D MEA on a rigid substrate,(28) and Kusko et al. fabricated 
several noteworthy 3D MEAs on a rigid substrate.(29)  Djilas et al. reported a well-shaped MEA 
on a flexible substrate,(30) and Xiang et al. fabricated a sharp MEA on a flexible substrate and 
recorded in vivo the neuronal signal of a rat brain.(31)  
	 Our group has reported an arrowhead-shaped 3D MEA on a flexible polyimide substrate 
for retinal prostheses.(16,32–37)  3D electrodes are expected to approach the target cells in the 
retina more closely than 2D electrodes.  Also, the flexible polyimide substrate is adapted for 
conformal attachment to the spherical structure of the eye.  In this research, using a silicon 
(Si) mold, an arrowhead-shaped electrode is fabricated.  The arrowhead structure is capable 
of penetrating the inner limiting membrane in the retina with less invasiveness than the blunt 
end of a simple post structure.  Figure 2(a) shows the fabrication processes of the arrowhead-



1396	 Sensors and Materials, Vol. 30, No. 7 (2018)

shaped microelectrode on the polyimide substrate.  The base of each individual electrode is 
defined by silicon-dioxide patterning on a (100)-single-crystalline Si wafer.  The height of the 
post structure part of each individual electrode is determined by a subsequent deep reactive-
ion etching (DRIE) process.  For passivation of the side wall during the subsequent wet etching, 
a thermal oxidation process is performed.  After the bottom Si layer is exposed by the bottom 
oxidation layer etching, alkaline wet etching reveals (111)-planes resulting in an octahedral 
structure.  After the Si mold fabrication, all the films are removed, and then the gold (Au) seed 
layer is sputtered.  Using electroplating, the Si mold is filled with a noble metal.  The excess 
metal is removed by a chemical mechanical polishing (CMP) process.  On the polished surface, 
the polyimide body layer and the conductive metal layer are patterned.  Finally, the whole Si 
substrate is etched away from the opposite side.  The fabricated MEAs, which have uniform, 
convex, and concave arrowhead-shaped electrodes, are shown in Fig. 2(b).

2.2	 Electrical and mechanical evaluation of MEAs

	 To evaluate the advantage of 3D microelectrodes over 2D microelectrodes, two types of 
MEAs were fabricated.(16,36)  The first type of MEA consists of 2D circular microelectrodes 
with electrode diameters of 25, 50, and 75 μm.  The second type of MEA consists of 3D 
arrowhead-shaped microelectrodes with base diameters of 25, 50, and 75 μm.  The fabricated 
MEAs are wire-bonded to a printed circuit board (PCB) to measure the electrode-electrolyte 
interface impedance and current injection properties.
	 The electrode-electrolyte interface impedance measurement results are shown in Fig. 3(a).  
As the effective surface area increases, the impedance at 1 kHz is decreased.  As a consequence, 
the 3D arrowhead-shaped microelectrode with a base diameter of 25 μm has a similar interface 
impedance to a 2D circular microelectrode with a base diameter of 75 μm.  To evaluate the 
maximum current injection limit, each MEA is connected to the current stimulator, and the 

Fig. 2.	 Arrowhead-shaped MEA.(32)  (a) Fabrication process.  (b) Fabrication results.

(a) (b)
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stimulation current is measured at 100 Hz, 1 kHz, 10 kHz, and 100 kHz.  The maximum current 
that the stimulator can generate is 512 μA, which is large enough to stimulate the ganglion cells 
in the retina.(15)  The results are shown in Fig. 3(b).  The maximum current injection limit of 
the 3D microelectrode is much higher than that of the 2D microelectrode because of the larger 
effective surface area.  Also, the results of the 2D microelectrode with a base diameter of 75 μm 
and the 3D microelectrode with a base diameter of 25 μm show similar results, which indicate 
that highly densified MEAs can be implemented using 3D microelectrodes.
	 Mechanical evaluation was performed to characterize the maximum vertical and horizontal 
stresses.(37)  The threshold force for the mechanical durability in the vertical direction can be 
seen in Fig. 4(a).  The tip of the microelectrode is partially broken under a force of 1.470 N.  It is 
observed that all microelectrodes are entirely preserved without any mechanical damage when 
the applied force does not exceed 0.8165 N.  In the horizontal direction, the microelectrode is 
entirely broken when the applied mechanical force in the horizontal direction increases to up to 
0.2068 N, as shown in Fig. 4(b).

2.3	 MEA combined with silicon nanowires

	 As previously mentioned, a high-resolution system is required to provide a high-quality 
image in retinal prostheses.  In the case of high-resolution retinal prosthesis systems that use 
external cameras, the electrical interface becomes complicated mainly because of the wiring 
complexity.(38)  Therefore, many commercialized retinal prostheses that use an external camera, 
such as the Argus II system (Second Sight Medical Products Inc., United States)(39) or EpiRet3 

Fig. 3.	 (Color online) Electrical properties of 2D and 3D MEAs.(36)  (a) Electrode-electrolyte interface impedance.  
(b) Maximum current.
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(EpiRet GmbH, Germany),(40) are implemented with a small number of channels.  On the other 
hand, retinal prosthetic devices with embedded photodetectors for image perception, such as 
the ‘artificial silicon retina’ (US Optobionics, United States)(41) or Alpha IMS (German Retina 
Implant AG, Germany),(12) have a relatively large number of channels owing to the collocation 
of the photodetector, stimulation circuit, and electrodes in a single channel.  It has been reported 
that photodetector-embedded devices can easily solve the wiring problem of high-resolution 
retinal prosthetic systems.  However, there remain problems to be solved, such as the device 
flexibility, overheating of the implanted stimulator chip, and low biocompatibility of the device 
material.(42–44)

	 In our previous reports, a novel retinal stimulation device integrated with silicon 
nanowire (SiNW)-based field-effect transistor (FET) switches and photodetectors was 
demonstrated.(38,45–49)  The SiNWs are fabricated by a top-down method for wafer-level transfer 
on a flexible substrate, which can achieve very thin MEAs without compromising device 
flexibility.  As shown in Fig. 5(a), the first type uses a SiNW FET as an active pixel switch, 
which is used for array addressing.  From the two-dimensional array addressing method, only 
M + N external wires are implemented for driving M × N microelectrodes.  The second type 
uses the SiNW-based photodetection circuit consisting of a voltage divider and a current driver, 
as shown in Fig. 5(b).  In a voltage divider, the SiNW FET and the SiNW PD are connected in 
series, which results in output voltage variation due to changes in the external light intensity.  In 
the current driver, the SiNW FET and microelectrode are connected in series.  The stimulation 
current is delivered to the microelectrode via SiNW FET, in which the current level is controlled 
by the output voltage of the voltage divider.

3.	 Current Stimulators

	 With the help of advances in high-voltage technology, many kinds of neural stimulators 
have been reported.  One of the most important functions of neural stimulators is to induce 

Fig. 4.	 Mechanical properties of 3D MEA.(37)  (a) Vertical direction.  (b) Horizontal direction.
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neural responses by delivering/injecting charge into nerve cells via electrodes.  In most neural 
stimulators, a high-voltage supply is used because high-voltage compliance is required owing to 
the high electrode impedance.  In the high-voltage stimulators, ensuring long-term stimulation 
safety is very important.  As a result of current stimulation, tissue damage can occur in three 
possible ways: overstimulation, temperature rise of the tissue, and DC current flow into tissue.(50)  
	 In terms of neural stimulators, stimulation safety is related to two main factors: power 
dissipation at tissue and by implanted electronics, and charge balancing (zero net remaining 
charge after biphasic current stimulation).  A rise in temperature of 1–2 ℃ above the normal 
body temperature could lead to tissue damage;(51) therefore, the total power dissipation of 
the implanted stimulator should be less than tens of mW to prevent an excessive rise in 
temperature.  Maintaining charge balance during electrical stimulation is also important.  The 
matched biphasic current pulses have often been used in electrical stimulation, as shown in 
Fig. 6(a),(52) because the total amount of the delivered charge can be controlled by adjusting 
the pulse duration of the anodic and cathodic pulses.  For a stimulator in a cochlear implant, 
the residual charge (residual DC current) should be kept below 100 nA.(53)  The typical circuit 
implementation of the biphasic current driver is shown in Fig. 2(b).(54)  The biphasic current 

Fig. 5.	 (Color online) SiNW-based MEA.  (a) First type (MEA with 2D array addressing).(38)  (b) Second type (MEA 
with photodetector).(46)
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driver generates the biphasic currents iCH and iREF when STIM_EN is ‘H’.  The PUSH signal 
determines the direction of the stimulating current.  When the PUSH is ‘H’, the anodic current 
iCH flows from the channel electrode to the reference electrode.  When PUSHB is ‘H’, the 
cathodic current iREF flows from the reference electrode to the channel electrode.
	 Current stimulators generally require high output voltage compliance, because the 
stimulators inject the biphasic current pulse with a maximum amplitude of several hundred μA 
into the microelectrodes and tissues of several tens of kΩ impedance.  For example, the output 
voltage compliance of 10 V (= ±5 V) is required to drive 10 kΩ with a biphasic current pulse of 
±500 μA.  Thus, the previous current stimulators are implemented using a high-voltage (HV) 
CMOS process, and adopt a static high supply voltage of 5 to 30 V.(55)  
	 In our group, a current stimulator with an adaptive supply regulator was reported to enhance 
thermal safety.(55)  The internal power supply voltage is not static and adaptively regulates to 
the minimum required voltage for stimulation. Thus, current stimulation with lower voltage 
than the previous static HV stimulators can be achieved.  The adaptive regulator provides the 
adaptively regulated internal supply voltage using a current feedback loop, as shown in Fig. 
7.  Additionally, the current feedback loop enhances the accuracy of the current amplitude and 
is robust to variations in the load impedances.  The feedback loop in the regulator increases 
the internal supply voltage when the monitored current is smaller than the desired current, 
and reduces the internal supply voltage when the monitored current is higher than the desired 
current.  Thus, the proposed stimulator can be operated with the minimum supply voltage, and 
potential damage to the tissues by HV stimulation can be avoided.
	 Also, to reduce the power consumption and to achieve the high-resolution scheme, a digital-
to-analog converter (DAC) sharing scheme was reported, as shown in Fig. 8.(54)  In the typical 
stimulator circuit, both the DAC and the biphasic electrode driver are included in the unit pixel 
circuits.  However, our approach used a single shared DAC outside of the pixels.  The output of 
the DAC is stored by the sampling switch and holding capacitor in the unit pixel.  The pixel size 
can be reduced by sharing the DAC.  As the number of channels is increased for high-resolution 
systems, the size reduction effect of the proposed DAC sharing scheme increases.  The main 
specifications of the previously reported stimulators are summarized in Table 1.  

Fig. 6.	 Conventional circuit schematics.  (a) Typical biphasic current stimulator.  (b) Typical implementation of 
biphasic current driver.(54)

(a) (b)
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Fig. 8.	 Low power stimulator implementation using DAC sharing.(54)  (a) Typical scheme: one DAC per pixel.  (b) 
DAC-sharing scheme: one DAC per stimulator.

(a) (b)

Fig. 7.	 (Color online) Adaptive supply regulator in stimulator.

Table 1
Performance of current stimulators.

TBCAS 2014(52) JSTS 2014(54) JBN 2013(55) JSSC 2014(56)

Stimulation
  frequency 50 Hz 625 Hz

1 kHz
N/A(programmable)

Stimulation 
  current

Up to 1 mA 40 μA Up to 620 μA 465 μA
(5 bit) (6 bit) (5 bit) (5 bit)

Pulse 
  duration

100 µs–1 ms 
(100 µs step) 1 ms 10 µs–1 ms N/A(10 µs step)

Remarks Charge balancing by 
shorting

DAC sharing, Adaptive supply regulator, 
arbitrary waveforms

Charge balancing by shorting,
arbitrary waveforms fully integrated
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4.	 Animal Experiments

4.1	 In vitro experiments

	 To determine the optimum stimulation protocol for a subretinal prosthesis, retinal 
photoreceptor cells of rd1 mice are stimulated, and the responses of retinal ganglion cells were 
recorded in an in vitro environment.(57)  In this paper, we describe a novel sensing configuration 
for the retinal physiology analysis of the subretinal implant, in which the threshold charges of 
the bipolar/monopolar stimulation are in the range of 10–20 nC, as shown in Fig. 9(a).  
	 Also, our group has developed a high-resolution retinal stimulation system based on CMOS 
image sensors (CISs)(15) and SiNW photodetectors,(46) and have conducted in vitro animal 
experiments.  As shown in Ref. 15, the CIS-based stimulator IC generated biphasic current 
from 0 to 300 μA as a function of incident light intensity.  The electrically evoked ganglion cell 
responses in Fig. 9(b) show that more neural spikes are evoked as the stimulator IC injects a 
higher stimulation current, which can be controlled by adjusting the light intensity and charging 
time.  The area of a single pixel in the proposed stimulator is only 50 × 55 μm2 including the 
photodiode, thus approximately 5000 pixels can be integrated in an MEA for high resolution.  
In Fig. 9(c), in vitro experimental results using a SiNW-based photodetection circuit is shown.  
The rectangular stimulation pulses are modulated to a stimulation current pulse via the SiNW 
photodetection circuit, which is proportional to light intensity, and is delivered to the target cell 
through the microelectrode.  

4.2	 In vivo experiments

	 Our group’s arrowhead-shaped MEA consists of polyimide, titanium (Ti), and Au.(32)  These 
materials are well known as being biocompatible from previous research both in vitro and in 
vivo.(44,58,59)  In our in vivo biocompatibility examination of fabricated MEAs, New Zealand 
white rabbits were used.  All procedures conformed to the Association for Research in Vision 
and Ophthalmology (ARVO) statement on the use of animals in ophthalmic and vision research.  
The fabricated MEA was implanted into a rabbit eye by the suprachoroidal approach. The in 
vivo stability of the implanted MEA was examined by the fundus image and optical coherent 
tomography (Cirrus OCT, Carl Zeiss, Dublin, CA, USA), as shown in Fig. 10(a).  Fundus 
examination shows that choroidal vessels run over the inserted MEA, and the stimulation site 
is located near the visual streak.  The OCT image 4 weeks after the insertion surgery reveals 
that the overlying retina and choroids are intact without any inflammation or swelling. In 
addition, in vivo electrical stimulation was performed, as shown in Fig. 10(b).  The electrically 
evoked cortical potential (EECP) recording is performed simultaneously with biphasic current 
stimulation, and its waveform was compared with that of the visually evoked potential (VEP).  
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Fig. 9.	 In vitro animal experimental results.  (a) Retinal physiology analysis for subretinal implant.(57)  (b) CIS-
based stimulation system.(15)  (c) SiNW-based stimulation system.(46)
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5.	 Conclusions

	 Retinal prosthetic devices are under development worldwide for the vision rehabilitation of 
the blind.  To improve performance in daily life, a high-resolution device is essential, which 
requires highly collaborative research on MEAs, stimulation circuits, and signal processing.  
In this paper, the implementations of high-resolution retinal prosthetic systems reported by 
research groups worldwide are reviewed, including that of our group.  Various design strategies, 
fabrication methods, system implementations, and animal experiments have been conducted 
to improve the performance of the system.  Although some clinical trials have already started, 
there are still challenges to overcome for the successful implementation of retinal implants as a 
visual perception device for the blind.  
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