
3D Diamond Electrode Array for High-Acuity Stimulation in Neural
Tissue
Melanie E. M. Stamp,* Wei Tong, Kumaravelu Ganesan, Steven Prawer, Michael R. Ibbotson,
and David J. Garrett

Cite This: ACS Appl. Bio Mater. 2020, 3, 1544−1552 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Innovations in micro- and nanofabrication technologies enable the manufacture of
multielectrode arrays for use in neuromodulation and neural recording. Multielectrode arrays make
possible medical implants such as pacemakers, deep-brain stimulators, or visual and hearing aids, to treat
numerous neural disorders. An optimal neural interface requires a high density of electrodes to precisely
record from and stimulate the nervous system while minimizing the overall size of the array. For example,
people with retinal degenerative diseases can benefit from retinal prostheses implanted inside the eye.
However, at present the visual acuity provided by such implants is well below the threshold for functional
vision, mainly due to the limited spatial resolution. In this work, we present a design of 3D nanostructured
conductive diamond electrodes, integrated within a polycrystalline diamond housing, offering a high
electrode density and count, which simultaneously satisfies spatial resolution and biocompatibility goals.
The array is composed of height adjustable pillar electrodes that are 80 μm in diameter and separated by
150 μm. A holistic characterization of the electrodes was performed and the device tested for stimulation
performance in a whole-mounted retina. Electrochemical testing showed impedance of 20 kΩ and a wide
water window of 2.47 V. The pillar structure allows the distance between the electrodes and the retinal ganglion cells to be reduced
which is key to more confined stimulation at lower current levels, leading to potentially higher-acuity stimulation without damaging
retinal tissue.
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1. INTRODUCTION

Implantable devices that interact with nervous systems are in
high demand for applications in hearing, vision, or movement.
These devices communicate with the nervous system and have
the potential to address some of the most debilitating chronic
medical conditions, e.g., deafness, blindness, and essential
tremor. Implantable multielectrode arrays for prosthetics and
rehabilitation include neuromuscular electrical stimulation
(NMES),1 deep-brain stimulation (DBS),2 cochlear3 and retinal
implants,4 peripheral nerve5 and spinal cord stimulation,6 and
most recently brain−machine interfaces (BMIs).7 These devices
can modulate neuronal activity and/or record action potentials
or local field potentials in their proximity.8 Technological
innovation in materials science and engineering is steadily
progressing toward fabrication of more efficient devices, with
improved neuroelectronic interfaces. A major research goal is to
increase the density of electrodes leading to a high- resolution
prosthesis, ideally reaching the single neuron level.9,10 High-
resolution prostheses can be useful in various applications, such
as in artificial vision to replace degenerated photoreceptors with
a retinal implant.
The need for high-resolution stimulation is perhaps best

exemplified in the case of attempts to create artificial vision using
retinal prostheses to treat people with retinal diseases, such as

retinitis pigmentosa (RP) or age-related macular degeneration
(AMD). Both diseases result in a loss of photoreceptors, the
light-sensitive structures converting photons to neuronal signals.
Fortunately, retinal ganglion cells (RGCs) and other neuronal
elements remain viable for people with RP or AMD and can
respond to electrical stimulation.4,11 With estimations that
around 196 million people will develop AMD worldwide, and
several million will suffer from RP by 2020,12 the demand for
retinal prostheses is high, and many research teams have
developed strategies to return some level of vision to this cohort
of patients. A common approach is to capture a visual image that
is then sent to an implant fixed on or behind the retina. The
image captured by an external camera is digitized and translated
into a pattern of electrical stimulation for the retina, bypassing
the nonfunctioning photoreceptors. The remaining visual
anatomy transmits signals to the visual cortex resulting in the
perception of vision.13
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Retinal prostheses are categorized based on where the device
is mounted inside the eye; epiretinal (on the surface and
adjoining the RGC layer), subretinal (behind the retina
adjoining or in place of the remnants of the retinal pigment
epithelial and photoreceptor layers), or suprachoroidal
(between the firm fibrous sclera and the outer retina/choroid
space).4 Second Sights’ epiretinal Argus II implant is authorized
for clinical use by the FDA in 2013 under the Humanitarian Use
Device program14 and Retina Implant AG’s Alpha IMS,
approved for clinical use in the European Union in 2011 and
2013, respectively.15 Bionic Vision Technology has developed
suprachoroidal devices,16 with successful first human trials in
2014. PIXIUM has developed a subretinal implant, and a 1 year
clinical trial has shown that their device was well tolerated with
good electrode-to-retina contact. Patients with RP were able to
identify simple patterns (vertical/horizontal).17 In summary, for
most retinal devices, clinical reports are demonstrating that
these implants are capable of helping patients perform simple
daily life tasks, such as the perception of light, recognition of
basic objects, and even reading large letters.18−21 However, the
visual acuity of existing devices is limited, and crucial abilities,
such as facial recognition, have yet to be achieved. The main
reason lies within the limited spatial resolution and spreading of
the applied current which leads to crosstalk between
neighboring pixels and large area stimulation.22 To recreate
natural vision it would be desirable to stimulate each ganglion
cell individuallya difficult task since there are over 1.5 million
RGCs, the largest cells having a diameter of approximately 30
μm.23,24 Most recent devices range from 44 electrodes with
diameters of 500 μm in the BVT suprachoroidal device,16 over
60 electrodes with a diameter of 200 μm in the Argus II,14 and up
to 1500 electrodes at a pitch of 70 μm for the subretinal Alpha
IMS.15 Recent studies have shown that stimulation patterns,
such as pulse duration and even current steering, can improve
visual acuity.25−31 Thus, to achieve higher visual acuity in retinal
prostheses, devices have to be developed which consist of small
electrode arrays that are more numerous and more densely
spaced with each electrode to be controlled individually.

To improve the spatial resolution, one route is to reduce the
size of the spread of electric field. Either fabricating smaller
electrodes or placing the electrodes closer to the retina can
achieve this goal. However, reducing electrode size also reduces
capacitance, and higher currents are needed to ensure good
penetration of the electrical field into the tissue. New approaches
of designing 3-dimensional-shaped electrodes have the advant-
age of reducing the distance between tissue and electrode, which
enables a reduced stimulation threshold and smaller pixels.22

Furthermore, the surface area increases raising the electrode
capacitance which offsets the decrease in charge injection
capacity that occurs as the electrode decreases in size.
Fabrication of 3D electrodes is, however, challenging,
particularly if a higher density of electrodes is needed which
are bonded to an application specific integrated circuit in a
hermetic package.
In our previous work, we introduced an all-diamond hermetic

electrode array with high electrode density.32,33 The electrode
array features 256 fully programmable electrodes, each 120 ×
120 μm in size and with an electrode pitch of 150 μm fabricated
from nitrogen-doped nanostructured diamond monolithically
integrated within a polycrystalline diamond matrix. Using
diamond as the electrode material offers a high chemical and
biochemical inertness, as well as biocompatibility, and long-term
stability.34−39 However, stimulation in rat retina showed strong
axon bundle stimulation, and large areas of RGCs, among other
neuronal cells, were activated.40 To overcome the above-
mentioned issues, in this paper we report the development of a
multilayer 3D electrode array, where the height and geometry of
the electrodes can be adjusted and therefore placed closer to the
target cells compared to large flat arrays, as used in the previous
devices. New designs of pillarlike structured electrodes have
shown that these structures can more effectively interfere with
the retina.41 Previous findings have proven that 3D-shaped
electrodes provide a closer contact for acute recording of brain
slices,42 and the concept was adopted for stimulation. In this
work, we present a new design of a 3-dimensional pillar electrode
array for high-density acute stimulation of RGCs. First, the
electrodes were holistically characterized in terms of their

Figure 1. Fabrication process of pillar array with (a) laser cut circuit board, (b) growth of N-UNCD, (c) isolation of electrodes, (d) brazing process, (e)
flip chip bonding to PCB, (f) embedding in epoxy, (g) schematic of pillar electrode with Ag-braze core connecting the N-UNCD top, and (h)
assembled array on PCB.
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electrical and electrochemical properties, where we found
impedances of 20 kΩ per electrode and a broad water window
ranging from−1.8 to 1.3 V.Measuring the E-field of a pillar array
compared to a flat array with the same surface area, we found a
localized E-field that was up to 11 times stronger for pillar
electrodes over flat ones. Electrophysiological tests were
conducted via subretinal stimulation in explanted retinas from
wild type animals (Long Evan rats). RGC responses were
recorded using calcium imaging. Our results indicate that these
electrode arrays can deliver localized stimulation of retinal
ganglion cells, which when translated into clinic, is expected to
restore high resolution of vision to the blind.

2. METHODS AND MATERIALS
2.1. Fabrication of Pillar Electrode Arrays. A 25-pillar diamond

electrode array was fabricated such that each electrode had a diameter
of 80 μm, a height of 150 μm, and a pitch of 150 μm. Electrodes were
hexagonally aligned. Figure 1 depicts the individual fabrication steps.
For the array thermal management grade polycrystalline diamond
wafers (TM100 grade, 10 × 10 × 0.3 mm, single side polished with <1
nm RMS roughness) were purchased from Element Six. The rough side
was polished to <10 nm RMS surface roughness using a resin-bonded
wheel on a Coborn PL3 planetary rotary polisher. The substrates were
cut into four 5 × 5 mm squares. A circuit board array for 25 electrodes
was laser milled onto each substrate using anOxford Lasers Alpha series
laser cutter fitted with an Nd:YAG laser operating at 532 nm (Figure
1a). A single feedthrough hole was cut into the bottom of each pit,
penetrating through the diamond. Graphitic residues from laser milling
were removed by 60 min of acid boiling (10 mL H2SO4 with 1 g of
NaNO3). A 30−40 μm thick N-UNCD layer was grown on the top side
of the diamond substrates, covering the feedthrough holes, via
microwave chemical vapor deposition (CVD) (iPlas, Cyrannus 1
Plasma source) (Figure 1b). A gas mixture of 20% N2, 79% Ar, and 1%
CH4 was used. CVD parameters were 1000 W microwave power, 80
Torr chamber pressure, and active heating with a stage temperature of
850 °C. After N-UNCD deposition, the pillar electrodes were isolated
from one another by laser milling through the 30 μm thick N-UNCD
films into the PCD substrate (Figure 1c), followed by oxygen plasma
cleaning with a 50 W 3:1 Ar:O2 plasma for 36 h to remove the
electrically conducting, graphitic residues from between the N-UNCD
electrodes.
The total height of the pillars was measured at 120 μm. To connect

the N-UNCD electrodes with the circuit board, silver-ABA (Wesgo
metals, Morgan Technical Ceramics) was applied directly onto the
circuit board side and into the pits (described in Apollo et al.43). The
braze was melted into the feedthrough pits using a vacuum furnace
(MTI) at 930 °C, 10−5 Tor, and held at that temperature for 5 min to
allow the braze time to flow into the feedthrough holes (Figure 1d).
After cooling down, excess braze was removed by mechanical polishing
with a 1200 grit diamond impregnated steel wheel on a Coborn PL3
polisher. The diamond array was flip-chip bonded (Fine placer lambda,
Finetech) onto a custom-designed circuit board (Figure 1e) and
embedded in a two-part epoxy (Epoxy Cast, Barnes products Pty) along
the edges (Figure 1f). A schematic cross-section of the individual pillar
is shown in Figure 1g.
2.2. Surface and Interface Characterization. Scanning electron

microscope imaging (SEM) of the surface was conducted using a JEOL
JSM 500 SEM instrument. Hermeticity was tested prior to electrode
isolation using the spray helium leak test (MIL-STD 883J Method
1014.14 Condition A4) with an Adixen ASM310 helium leak detector
with a manufacturer-specified detection limit of 10−11 mbar L/s. The
samples were mounted into a custom-made holder, clamped between
two Viton O-rings (previously described in Lichter et. Al.44) with the
feedthrough hole area in the middle. One side of each sample was
exposed to the atmosphere and one side to the vacuum of the helium
leak detector. In this way, any potential leak could only occur through
the feedthroughs, and hence by measurement of the leak rate, one can
determine the hermeticity of the feedthrough array.

2.3. Electrical Properties.TheConductivity of theN-UNCD layer
was determined using a four-point probe station (Lucas Laboratories
Pro4-4000) connected to a Keithley 2400K source meter before the
electrodes were isolated via laser milling. Isolation was measured after
brazing using a tungsten needle probe station placed on the silver-ABA
pads on the back of the array in a dry polystyrene Petri dish. To examine
if the feedthrough holes are connected, the array was placed N-UNCD
side down on a cleanroom tissue drained in PBS. One probe was placed
on the cloth and one on the silver-ABA pad on the circuit board side.

To determine the electric field of the pillar electrodes with a height of
120 μm compared to a flat electrode array, an area of 600× 600 μmwas
scanned at a height of 30 μm above the pillar array and at 150 μm above
a flat array to simulate and compare the effect of the distance between
array and RGC. The distances between electrodes and retina were
chosen differently, taking into account the natural curvature of the
retina and safe position of a whole device without pressing into or
penetrating the tissue. The arrays formed the bottom of a custom-made
perfusion chamber filled with PBS and were subsequently placed under
an upright optical microscope for visualization. Anodic first biphasic
current stimulation with a phase duration of 1 ms, with no interphase
gap, was delivered to single electrodes in the array with a Ag/AgCl
return electrode, placed 2 cm away from the stimulating electrode. To
map the electric field above the electrodes, a tungsten probe electrode
with a tip diameter of less than 10 μm was controlled by a
micromanipulator and scanned on a plane 30 or 150 μm above the
array surface with an XY step of 20 μm. The induced voltage of the
tungsten needle, induced by the electrode stimulation pulse, was
measured relative to a second Ag/AgCl return electrode placed in the
saline solution, 2 cm away from the probing electrode. Finally, the
maximum voltages read from the probing electrode in relation to each
stimulation pulse were used to generate the potential distribution map.

2.4. Electrochemical Characterization of Electrodes. All
electrochemical characterization was performed in 1 M PBS solution
(0.13 M NaCl) at room temperature. Electrical impedance spectros-
copy (EIS) was conducted using a potentiostat (Gamry, Interface 1000
E) with a Ag/AgCl (1 M KCl) reference electrode (Ch Instruments
Inc.). Impedances were recorded in a frequency sweep from 10 kHz to
10 Hz at AC voltage amplitude of 10 mV rms, and characteristic
impedances were reported at 1 kHz.

Specific capacitance wasmeasured via cyclic voltammetry (CV) from
−0.1 to 0.1 V with a scan rate of 50 mV/s and then fitted with a CPE
circuit model. The water electrolysis limit was determined using cyclic
voltammetry (CV). Scans were taken from −2 to 2 V at scan rates of
100 mV/s, and results were averaged over 3 cycles.

2.5. Retina Stimulation. All procedures performed in this study
were in accordance with the ethical standards of the Animal Care and
Ethics Committee of The University of Melbourne, Australia (Ethics
ID 1814462).

2.5.1. Retinal Preparation. Data were collected from adult
pigmented Long Evans rats of either gender, older than 3 months.
The tissue was prepared as described previously (Tong et al. JNE
201940). Briefly, animals were anesthetized with an intraperitoneal
injection of a mixture of ketamine (75 mg/kg) and xylazine (10 mg/
kg). Animals were sacrificed by intracardiac injection of 1 mL of
Lethabarb (intracardiac) directly after enucleation. A 0.5 μL portion of
20 mMOregon Green 488 BAPTA-1 solution (OGB-1, hexapotassium
salt, Thermo Fisher Scientific) was injected into each eye from the cut
end of its optic nerve to load RGCs with calcium indicators. The lens
and cornea were removed carefully, and the retina was kept in the
eyecup overnight in a dish filled with carbogenated Ames’ solution at
room temperature. Removing the eyecup and cleaning away the
vitreous prepared the whole-mounted retina. In each experiment, one-
half or one-third of the retina was mounted with the ganglion cell side
up on the electrode array. The retina was held in place using a
homemade stainless-steel harp fitted with Lycra threads. During the
experiment, the retina was continuously perfused with carbogenated
Ames’ solution at a rate of 3−8 mL/min at room temperature.

2.5.2. Electrical Stimulation. Calcium transients of RGCs were
monitored using an upright confocal microscope (Olympus, FluoView
FV1200) with either a ×10 or×20 water immersion objective lens. The
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excitation source was a 473 nm laser, and images were captured at a

frequency of approximately 7.7 Hz. Electrical stimulation was delivered

through the electrode array subretinally. A AgCl coated Ag wire was

placed in the chamber about 2 cm away from the stimulating electrodes

Figure 2. SEM image of (a) 5 × 5 pillar array, (b) flat array with similar 80 μm electrode size, (c) magnification of pillars with an interphase of N-
UNCD and PCD, and (d) close-up of N-UNCD structure with characteristic N-UNCD grain size.

Figure 3. E-field map of pillar (a) and flat (b) arrays. Maximum E-field value ranges from 9 × 10−3 μV with stimulating current of 8 μA for the pillar
array to 2 × 10−3 μV with stimulating current of 20 μA for the flat array. (c) Schematic of pillar and flat array placed inside the eye with respective
distance to the retina. (d) Frequency dependent impedances for pillar and flat array. EIS scan from 10 Hz to 100 kHz. Characteristic operating
frequencies of 1 kHz are 20.65 kΩ for the pillar array and 25.73 kΩ for the flat array.
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to serve as the return electrode. Electrical stimuli composed of
symmetric biphasic current pulse waveforms were generated from a
Ripple Neuron Grapevine system using cathodic phase first stimuli.

3. RESULTS AND DISCUSSION

3.1. Array Imaging. SEM images of the pillar array are
shown in Figure 2. Figure 2a depicts the whole 5 × 5 array with
the pillar area milled out of the N-UNCD covered PCD
diamond substrate. Compared to the flat array (Figure 2b),
where cutting through the N-UNCD layer isolated the
electrodes, the height of the pillars can be adjusted by changing
the laser power and number of laser passes. At higher
magnification (Figure 2c), the interface between N-UNCD
and PCD can be clearly seen. The pillars were 150 μm in height,
consisting of a 120 μm PCD base with a 30 μm N-UNCD tip.
Feedthrough holes were completely covered with N-UNCD,
their position determinable by little dips in the middle of the
electrode tops. A close-up on the electrode surface (Figure 2d)
shows the characteristic needlelike structure of N-UNCD. This
structure is very similar to the N-UNCD found in our previously
fabricated electrodes grown with 20% nitrogen in the CVD gas
mixture.32,37 The hermetic test revealed a helium leak rate of less
than the detection limit of 1 × 10−11 mbar L/s which indicated
that the feedthrough holes are completely sealed during N-
UNCD growth.
3.2. Electrical Characterization. The sheet resistance of

the N-UNCD thin film was obtained at 85Ω/sq± 20Ω/sq with
a volume resistivity of 2.56 × 10−2 Ω /cm ± 1.1 × 10−2 Ω /cm.
These results are in good accordance with studies of N-UNCD45

and to our former findings for UNCD electrodes for neural
stimulation.37 Sheet resistance was measured prior to electrode
isolation.
After electrodes were laser milled and isolated, and excess

silver braze was removed, the resistance of all 25 feedthroughs
and the resistance between electrodes were measured
individually, with an average resistance of 51.2 Ω ± 4.3 Ω of
the feedthroughs. No conductivity could be measured between
electrodes, indicating excellent isolation.
Figure 3 depicts an E-field map of the pillar array (Figure 3a)

compared to a flat array (Figure 3b) and a schematic of the pillar
and flat array inside the eye (Figure 3c). Both show the E-field
distribution around the electrodes in a scanned area of 600 ×
600 μm. Due to the 3D structure of the pillars, these electrodes
can be closer to the RGCs compared to flat arrays, assuming
both implants have the same size. A stimulating current of 20 μA
was used for the flat array and 8 μA for the pillar array. The
reduced current for the pillar array was chosen as a high current
had a potential out of range unable tomeasure. ThemaximumE-
field for the pillar array was 9 × 10−3 μV directly above the
electrode. The E-field maximum of the flat array was measured
with 2 × 10−3 μV. The pillar array shows an 11× higher E-field,
which is also noticeably more confined above the pillar array
compared to the flat array. By adjusting the height of the pillars,
it is expected to precisely stimulate a small area of retinal tissue,
therefore leading to higher acuity for vision in patients.
Furthermore, by choosing a 3D electrode design, the implant
can be fixed to the retina at a greater distance compared to a flat
array. Using lower threshold current for stimulation, damage to
the retinal tissue can be avoided despite close separation
between electrode and RGC.
3.3. Electrochemical Characterization. To be suitable as

stimulating electrodes for neural tissue, sufficient charge
injection at moderate voltages is required, meaning that the

electrode voltage must be within the water electrolysis limits to
avoid neuronal damage. Cyclic voltammograms were acquired
from the N-UNCD electrodes in saline solution showing a
window between −1.67 and 1.13 V (the voltage range within
which no appreciable water electrolysis occurs). This wide span
of 2.8 V is lower than that reported for boron-doped diamond,
i.e., −2 V for reduction and 1.5 V for oxidation versus Ag/AgCl
electrodes,46,47 but is in good agreement with our previous
findings in flat arrays.37 In contrast the safe usage window for
platinum lies between −0.6 and 0.8 V vs Ag/AgCl. For optimal
neural stimulation, the charge injection voltage must be well
within the operating windows. Electrodes with wide electrolysis
windows, as presented here, have the potential for long-term and
safe application.
Electrochemical impedances were obtained from EIS data.

Figure 3d shows the impedance spectra for both, the pillar and
flat array, for a frequency from 10 Hz to 10 kHz. The pillar array
shows better performances with lower impedances for
frequencies of 1 kHz and higher. As the electrodes are operated
at 1 kHz for retinal stimulating experiments, the frequency
specific impedances were measured at 1 kHz with 20.65 kΩ,
averaged over all electrodes. Comparing these results to our
previous data with 120 × 120 μm square flat electrode
arrays,32,37 our impedances are about 5 kΩ higher which is
due to the decrease in surface area, which is partially
compensated by the 3D structure.
A constant phase element (CPE) model fit was applied to

extract capacitance (Cdl) from the impedance measurements.
The CPE circuit model is one of the simplest and most common
circuit analogues of electrochemical systems. From the fitted
data we obtained Cdl with 86.3 μF ± 8.2 μF. Charge injection
capacitance (CIC) is defined as the maximum amount of charge
which can be injected during a single stimulation pulse before
water electrolysis occurs at the electrodes. CIC can be derived
from EIS and CV data as

=
×C V

CIC
SA

dl
(1)

with V the safe operating voltage within the water window. We
choose V = 1 V, which is well within the operating window as
determined from CV (see Garrett et al.37). The surface area
(SA) of a single electrode with an approximately 30 μm tip and
80 μm diameter results in 1.26 × 104 μm2. With these
parameters, we receive CIC of 0.68 mC/cm2. This value is
about 20% higher than previous findings for flat arrays with an
SA of 1.4 × 104 μm2.37,48 Therefore, we can state that the pillar-
electrode array presented here is still in the safe range. All
electrical and electrochemical results show that, by choosing a
3D electrode design, we can generate a localized, highly
controllable stimulation while electrochemical properties
remain similar to flat electrodes with larger pad sizes, and the
intrinsic property of the material is not compromised.
The presented fabrication method is highly reliable with a

success rate of almost 100%. With all electrodes fabricated from
the same substrate and every process step being highly
controllable, the electrode properties are similar in each chip.
Due to the pillar shape, shorting between electrodes is avoided.
Nonworking electrodes could be traced back to a poor
connection during the flip-chip bonding process, where the
silver epoxy did not make a good contact between the electrode
pads and the PCB.

3.4. Retinal Stimulation and Optical Imaging. The
capability of the 3D electrode arrays to stimulate retinal tissue
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was demonstrated using an explanted rat retina. Figure 4 shows
typical results from subretinal stimulation of the retina using the
arrays. Consistent with our previous results (see Tong et al.
JNE40), the spatial distribution of RGCs to electrical stimulation
varies according to the pulse duration. Ideally, retinal implants

require the activation of retinal ganglion cells only within the
electrode, with little spread to other areas. While 0.5 ms was
found most effective based on the largest number of neurons
being activated (Figure 4b), the activated area was much larger
than the size of the electrodes. The spread of activation was due

Figure 4.Typical result from rat RGCs in response to subretinal stimulation with different pulse durations. All images are orientated such that the optic
disk lies to the left of the images, and axons are on the right. (A) Staining of the RGCs and axon bundles. (B−D) Response to pulse durations of 33 μs,
0.5 ms, and 24ms, respectively. RGCs that respond tomore than 50% of the stimulation pulses are colored blue while RGCs with no response are open
circles. Red circles indicate the location of the stimulating electrode.

Figure 5. Individual activation of electrodes placed in a row. In each set of experiments, only one electrode among four were used for stimulation, which
are colored red. The electrodes not in use are drawn as gray circles. RGCs with more than 50% responses are blue, and the open circles indicate RGCs
that did not respond to stimulation or responded with efficacy less than 50%. Different electrodes led to distinct regions of RGCs activated, according
to the location of electrode used for stimulation.
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to the activation of passing axon bundles and network mediated
stimulation. The shorter 33 μs pulses (Figure 4c) could confine
the activated RGCs to within the electrode diameter or close by.
The very long 24 ms pulses did not activate many cells, and all
were activated outside the outer diameter of the electrodes.
Therefore, short 33 μs pulses were the optimal for confining the
RGC activation patterns. What can be seen is that only a fraction
of cells exhibits a response. This is due to the fact that shorter
pulses stimulate RGCs directly and avoid the stimulation of
passing axon bundles and network mediated responses in RGCs,
which are two sources that can lead to stimulation spread. The
impact of different pulse durations on the spatial resolution of
retinal stimulation is systematically investigated in our
previously published work (Tong et al. JNE40) with detailed
discussion about the hypothesis of the mechanism.
After using single electrode stimulation, we performed

electrical stimulation using four electrodes in a row (Figure 5).
Only 33 μs pulses were used for stimulation. In each set of
experiments, only one electrode among the four was used for
stimulation at a time. The groups of neurons activated with each
electrode were distinct with very little overlap, and mostly
confined close to the stimulating electrode. Distinct regions of
retinal stimulation are likely to lead to better separation of
perceived phosphenes and hence high-acuity synthetic vision.
Figure 5 therefore demonstrates the ability to stimulate a line of
ganglion cells, where only the cells closest to the stimulating
electrode are activated. Thus, using 33 μs pulses in clinic is
expected to restore high-resolution vision to the blind.
Since all experiments were conducted in explanted retinas, the

integrity of the retinal tissue after stimulation could not be
obtained at this stage. For future research, a detailed analysis of
the biocompatibility of the stimulating pillar array in comparison
to flat arrays will be carried out and published elsewhere.

4. CONCLUSION

We have presented a new design for an all-diamond 3D
microelectrode array for retinal prostheses that can generate
localized stimulation of RGCs. The 3D pillar shape allows for
closer contact with RGCs without harming the retinal tissue.
Integrating conductive diamond on an insulating diamond base
offers a hermetic, biocompatible electrode array. The pillar-
shaped electrodes show excellent electrochemical properties
with impedances of approximately 20 kΩ, a wide water window
spanning from −1.67 to 1.13 V, and charge injection capacity of
0.75 mC/cm2. The 3D designs allow for a 20× stronger and
more confined E-field during stimulation when compared to a
flat array with the same electrode dimensions and the same
implant size. In vitro testing in a rat retina using a 0.033 ms pulse
duration led to confined regions of stimulation in the retina,
probably due to minimizing the stimulation of axons. These 3D-
shaped electrodes offer a highly controllable spatial stimulation
in neurons due to the close contact between the device and the
tissue. The fabrication method allows for individually shaped
electrodes and therefore has the potential to be used in
numerous neuronal stimulation devices.
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