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Numerical Design of a Micro-LED Based
Optogenetic Stimulator for Visual
Cortical Prosthesis

Junyu Chen"”, He Ding

Abstract—Visual impairment represents a critical public health
and safety issue, and visual prostheses provide a promising solution
to addressing it. Here we present a design strategy for a micro-
LED based optogenetic stimulator as visual prosthesis on cortex,
and numerically evaluate its performance. First, we provide an
introductory overview of visual prostheses, and categorize visual
prostheses into four distinct groups based on the stimulation loca-
tion (retina or visual cortex) and stimulation modality (electrical or
optical). Specifically, we focus on the design involving a micro-LED
array implanted on the dura mater for visual cortex prosthesis.
The study evaluates two optogenetic approaches based on different
photosensitive proteins (C1V1 and ChrimsonR) and determines
the method of utilizing green light for C1V1 activation. Through
comprehensive optical simulations, we optimize the design param-
eters, and thermal simulations are employed to ensure efficient
heat dissipation and tissue safety. The resulting stimulation effects
and potential for vision recovery are thoroughly discussed. While
challenges associated with tissue scattering and the elucidation of
biological visual signal mechanisms impede the efficacy of optical
stimulation, further research is warranted to fully harness the
potential of visual cortex prostheses and surmount these obstacles.

Index Terms—Micro-LED, optogenetics, retina prostheses,
visual cortical prostheses.

1. INTRODUCTION

ISION is one of the most important ways for humans
to receive information. The human visual system, which
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comprises eyes, the optic nerve, and the brain, is complex and
intricate. The eyes first capture light and the retinas convert
optical signals into electrical signals through the photoreceptors.
Then the signals propagate to retinal ganglion cells (RGCs)
and transmitted to the brain via the optic nerve. In the brain,
the visual cortex processes these signals and interprets them as
visual information, enabling the perception and interpretation of
the world [1].

Owing to the intricate nature of the visual system, visual
diseases stem from a variety of causative factors, rendering
the development of universal treatment modalities a challenging
endeavor. For example, gene-replacement therapies that deliver
normal gene to the mutated retinal cells have been developed
for inherited retinal degenerations [2], [3]. However, the cargo
capacity of delivery vectors such as adeno-associated virus
(AAV) is lower than most retinal genes and the patients must
have surviving photoreceptors, resulting in a limited utility
to a narrow range of recessive diseases [1]. Cell-replacement
therapies apply degenerated native retinal cells from stem cells
to replace damaged or dead cells in the pathological space [4],
[5], [6]. Although these methods may be effective for age-related
macular degeneration and retinitis pigmentosa, the source of
stem cells remains an issue. The autologous method carrying
the same genes as patients may lead to disease recurrence, and
the allogeneic method faces ethical acceptability and immune
compatibility problems. Except the issue of stem cell sources,
the transplanted stem cells may not be integrated properly into
the existing retinal tissue in patients with advanced disease.
Currently, the application fields of these visual restoration meth-
ods are relatively restricted and ineffective in treating optic
nerve damage caused by glaucoma or any serious disease of the
retina, while glaucoma has already become the leading causes of
blindness (3.6 million cases in 2020) [7], highlighting the need
to develop approaches that target late-stage diseases and possess
a high degree of universality.

Utilizing prostheses to directly stimulate components within
the visual system presents a potential universal approach towards
achieving visual restoration (Fig. 1). Based on the position
of stimulation, visual prostheses can be divided into retinal
stimulators and cortical stimulators. Electrical stimulation pros-
theses for retina (Fig. 1(a)) are currently the most mature visual
prostheses. The fundamental principle underlying this type of
prosthesis involves the conversion of light into electric pulses,
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Fig. 1. Schematic illustrations of different visual prosthetic strategies, based

on the stimulation modes and locations. (a) Electrical stimulators for retina,
(b) LED based optogenetic stimulators for retina, (c) Electrical stimulators for
visual cortex and (d) LED based optogenetic stimulators for visual cortex.

which subsequently stimulate the retina. These stimuli are then
transmitted via the optic nerves to the brain, facilitating the
formation of visual perception. An electrical retina stimulation
system is generally composed of a camera to receive external
light signals, a power supply and signal conversion module,
and a microelectrode array that is implanted into the retina [8].
For example, the Argus II system (the first vision prosthesis
to get regulatory approval in the USA and Europe) implants
a 60-channel microelectrode array on the posterior pole of
the retinal surface to replace photoreceptors [9]. The system
uses a portable small processor to convert the picture from
the glass-mounted camera to a pixel image and transmits the
signals to the microelectrode array through a coil to elicited
retinal responses. An alternative electrical retina stimulation
strategy uses a photodiode-based electrode array or a nanowire
array to replace the microelectrode array [10], [11]. Compared
to the first method, this photodiode-based system can directly
transfer optical signals into stimulation electrical signals, which
means that an external camera may not be needed and people
can directly control the images by their eyes. However, weak
natural light may cause poor device response and affect the final
visual effect. Another commercial product (PRIMA system)
adds an external infrared light source to enhance the imaging
effect based on this method [12]. The system uses an 880 nm
pulsed laser source to convey the images captured and processed
by an external camera to an implanted photovoltaic electrode
array containing 378 pixels. The photovoltaic electrode transfers
the optical signals into electric current to stimulate the inner
retinal neurons to form visual signals. Comparing two different
electrical stimulation prostheses for retina, they employ various
techniques to facilitate the reception of external light signals by
the prosthesis and have achieved certain visual restoration effects
in some blind patients. The optimal visual acuity achieved by
the Argus II is about 20/1200, and the PRIMA achieves about
20/4601[1],[9], [12]. In essence, the current electrical stimulation
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retinal prosthesis serves as a substitute for damaged photorecep-
tors on the retina, aiming to treat conditions characterized by
photoreceptors damage such as age-related macular degenera-
tion (AMD) and retinitis pigmentosa (RP).

In addition to electrical stimulation, optical stimulation retinal
prostheses (Fig. 1(b)) based on optogenetics provide another
option. Optogenetics is a technique that utilizes light-sensitive
proteins called opsins to control and manipulate neural activities
in central and peripheral systems [13], [14]. In retinal prostheses,
optogenetics method transfers light-sensitive genes into photore-
ceptors or retinal ganglion cells (RGCs) through gene delivery
tools like adeno-associated viruses (AAVs). This allows for the
expression of light-sensitive pumps or ion channel, enabling
cells to be controllable by light. A typical optogenetic visual
prosthesis uses thin-film micro-LED array instead of microelec-
trode array to stimulate RGCs [15]. The wireless, flexible GaN
micro-LED array with 8192 pixels and a center wavelength at
545 nm is attached on the retinal surface and can stimulate RGCs
expressing ChRmine-mScarlet to evoke visual cortical activity.
The device has the ability to create a human visual space of
approximately 10 degrees and has achieved the highest pixel
count currently available. Another kind of optogenetic retinal
prosthesis adopts a strategy similar to the PRIMA [16]. The
system consists of a camera and a video processor to capture
and simplify image information, a GaN micro-LED array with
8100 pixels emitting light signals and a VR lens. Unlike the
first scheme, the micro-LED array is not implanted into the eye,
but relies on the VR lens to project light signals onto the retina
to active ChR2-expressing cells. The non-implantable design
serves to mitigate potential biological damage, however, it also
leads to poor visual reconstruction results. Optical stimulation
retinal prostheses employ light stimulation to activate neural
activity, mitigating biological damage and enhancing spatial
resolution. Furthermore, the incorporation of optogenetic tech-
niques facilitates the introduction of light-sensitive proteins into
retinal cells, offering potential reparative effects on impaired
photoreceptors and RCGs.

Due to the constraint of stimulation location, the utilization of
retinal prostheses is primarily applied in photoreceptor diseases
like AMD and RP. Prostheses that directly stimulate the visual
cortex have been proposed as a potential solution for patients
with optic nerve damage (Fig. 1(c)). Primary visual cortex
(V1 area) is the first area of cortical processing and receives
signals from the eyes. As a crucial part for visual perception and
cognition, the V1 region is commonly employed as a stimulus
target for visual cortical prostheses. A study that implanted a
1024-channel prosthesis consisting of 16 Utah arrays in V1
and V4 areas of the visual cortex of monkeys has shown the
potential of electrical stimulation cortical prostheses in the
restoration of the blind [17]. The monkeys can recognize simple
shapes or letters under the stimulation of multiple electrodes.
Nowadays, a few electrical stimulation cortical prostheses used
in humans are in the stage of device development or clinical
trials [18]. The Intracortical Visual Prosthesis Project (ICVP)
develops a wireless floating microelectrode array system con-
sisting of 144 electrodes with different lengths for intracortical
stimulation [19]. Cortical visual neuroprosthesis for the blind
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(CORTIVIS) project utilizes Utah electrode array containing
100 narrow electrodes with 1.0-1.5 mm length to excite visual
cortex [20]. These systems both adopt intracortical electrodes
which can directly stimulate the target area and bring higher
spatial resolution, but also increase the risk of tissue damage.
Unlike these methods, the Orion system developed based on the
Argus II uses 60 surface electrodes to form an electrode grid
for subdural stimulation of the visual cortex [18]. The subdural
stimulation model enhances the safety but limits the resolution
[17]. How to balance the trade-off between reducing implant
damage and enhancing spatial resolution has become a challenge
for electrical stimulation cortex prostheses. Moreover, electrical
based cortical stimulation may introduce additional risks to the
patients, such as inducing seizure events and transient headaches
[21], [22].

Similar to retinal prostheses, optogenetics also can be applied
into cortical prostheses (Fig. 1(d)). An LED array implanted
under the dura matter on the visual cortex has been developed
for high-throughput optogenetic stimulation [23]. The array
comprises 24 LEDs, each emitting light at a center wavelength of
530 nm for C1V1 stimulation. The LEDs have a size of 0.5 mm
and are spaced apart at an interval of 1 mm. This device enables
optogenetic stimulation at a target depth of 1 mm within the
visual cortex and has been demonstrated to exert modulatory
effects on visual responses in large primates through behavioral
experiments. This prosthetic strategy directly mounts the flexible
LED array on the dura and potentially avoids tissue damage to
the cerebral cortex by using light as the stimulus, providing a
new option for visual cortical prostheses.

Currently, a comprehensive evaluation reveals that each of
the four types of visual prostheses possesses unique merits and
drawbacks. In terms of stimulation location, retinal prostheses
primarily address impairments in the sensory receptors, while
visual cortex prostheses hold promise for addressing blindness
caused by optic nerve damage such as glaucoma. As for stimu-
lation modality, electrical approaches demonstrate better matu-
rity and offer direct stimulation, whereas optogenetic methods
exhibit reduced potential for tissue trauma. In this paper, we fo-
cused on optogenetic-based stimulation cortical prostheses, for
which existing devices suffer from limitations such as a limited
number of channels and low resolution, hindering their ability
to support vision restoration. We plan to design an implantable
flexible optical visual cortical prosthesis based on micro-LED
arrays, and validate the viability of this solution through optical
and thermal simulations.

II. RESULTS

To design a micro-LED array for optogenetics-based cortex
prostheses, we first need to establish a suitable biological model.
In the visual transmission pathway of humans, the optical nerve
signal is initially transmitted to the L4 region of V1, which has
the highest concentration of nerves within the primary visual
cortex [24], [25]. Hence, the L4 area is designated as the targeted
region for stimulation. In order to fully exploit the advantages of
the light stimulation method and minimize potential biological
damage, we propose placing the micro-LED array outside the

7200308

@

~
o
=

Green
LED

-
o

ChrimsonR

Red

. '_
LED

civ1 [’
.

Intensity (a.u.)

400 500 600 700

Wavelength (nm)

(d

|01

Intensity (a.u.)
Intensity (a.u.)

0.0

—~
=
o
=
°

=1 3
s Numerical s
2491 240
[7} "
c c
2 2
£ £

" Analytical
Analytical nalytica

102 102
0 02 04 06 08 1 0

Depth (mm)

02 04 06 038 1
Depth (mm)

Fig. 2. (a) Optical model showing optogenetic stimulation of the human
visual cortex (V1) with surface mounted micro-LEDs. (b) Absorption spectra of
ChrimsonR and C1V1, and emission spectra of red and green micro-LEDs. (c)
and (d) Normalized light intensity distribution profiles on a cross-sectional plane
along the propagation direction based on numerical simulation at wavelengths
of (¢) 530 nm and (d) 620 nm. (e) and (f) Normalized light intensity profiles at
varied depths along the propagation direction at (e) 530 nm and (f) 620 nm.

dura mater. The resulting biological model is a double-layer
structure composed of the dura mater and cerebral gray matter
as shown in Fig. 2(a). In the adult human brain, the dura mater
has a thickness of about 0.3 mm, while the thickness of the
cerebral gray matter ranges from the L4 area to the surface of
the cerebral cortex, approximately 0.8 mm [26].

To achieve optogenetic regulation, we choose two photosen-
sitive proteins ChrimsonR [16] and C1V1 [23] that have been
previously employed in visual optogenetic control. In Fig. 2(b),
the excitation spectra of the two fluorescent proteins are pre-
sented together with the emission spectra of indium gallium
phosphide (InGaP) red and indium gallium nitride (InGaN)
green micro-LEDs fabricated in our laboratory [27], validating a
correspondence between them. In order to compare which group
of fluorescent proteins and micro-LEDs are more suitable for
cortex prostheses, optical simulations are first conducted for
wavelengths of 530 nm and 620 nm. To realize a high spatial
resolution, the size of micro-LED is set to be 20 pm.

First, the ray tracing method (with the software TracePro
[28]) is employed to numerically simulate the light propagation
process with the brain tissue. The optical parameters applied in
the simulation are presented in Table I [29], [30], [31], [32]. The
normalized light intensity distributions along the propagation
direction on the cross-sectional plane of the 530 nm and 620 nm
wavelength cases based on the numerical simulation are depicted
in Fig. 2(c) and (d). Then a mathematical model is developed
to calculate analytical results to compare with the numerical
results.
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TABLE I
OPTICAL PARAMETERS USED IN SIMULATION
Absorption | Scattering .
Materials | coefficient | coefficient | Anisotropy Refractive
Index
(/mm) (/mm)
Gray
matter of
brain 0.104 32.8 0.861 1.36
(530 nm)
[28, 29]
Gray
matter of
brain 0.073 33.8 0.875 1.36
(620 nm)
[28, 29]
Dura
(530 nm) 0.110 9.17 0.779 1.48
[30, 31]
Dura
(620 nm) 0.074 7.76 0.782 1.47
[30, 31]

In the mathematical model, the micro-LED is placed on the
top of the dura matter and simplified as a Lambert light source.
The light intensity received by a specific pixel in the tissue can
be described as [33], [34]
exp(—perr L)

e (1)

Here Iy represents the initial intensity of the light and 0 is
the angle between the direction of emitted light and the normal
vector. L means the distance of light transmission. peg is the
effective attenuation coefficient and can be defined as

et = \/ ha/ D 2)

where 11, is the absorption coefficient of the material, and D is
the diffusion coefficient which can be defined as

1
P 3[pa + ps(1 — g)] ©)
where L5 1s the scattering coefficient of the material, and g is the
anisotropy of the material.

In (1), n is a geometrical parameter depending on the propa-
gation distance L. When L is smaller than the mean free path /,
the transport process can be approximated by the wave theory
where n = 2. When L is much larger than /, the transport process
can be predicted via the diffusion theory where n = 1 [33], [34].
Here / can be defined as

I = 1Iycosb

1

: pa + ps(1 —g)

When calculating the variation curve of the light intensity re-
ceived by a specific pixel along the normal direction with depth,
we adopt a fixed value of n = 1.2 as an appropriate parameter
for the consideration of normalization. Then the normalized light
intensity analytical results varying with depth calculated by our
model are compared with the numerical results simulated by the
software in Fig. 2(e) and (f). The analytical results align well
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Fig.3. (a)and (b) Top-viewed, normalized light intensity distribution profiles
on L4 simulated at (a) 530 nm and (b) 620 nm. (c) and (d) Normalized light
intensity distribution profiles along the horizontal direction on L4 At (c) 530 nm
and (d) 620 nm. (e) and (f) Normalized light intensity distribution profiles along
the horizontal direction at various depths (0.01, 0.2, 0.5 and 0.8 mm) in the brain,
based on the analytical model At (e) 530 nm and (f) 620 nm.

with the numerical results, which proves the reliability of the
model.

Based on the simulation results, to achieve the threshold
irradiances of 10 mW/mm? for C1V1 and ChrimsonR [35],
[36], the optical power of one micro-LED should be 14.18 mW
and 13.08 mW for green and red light. From the perspective
of optical power, there is negligible difference between the two
stimulation methods. However, there is a significant difference in
the external quantum efficiency (EQE) between small-sized red
and green micro-LEDs. The EQE of InGaN green and InGaP
red micro-LEDs is about 15% and 5% respectively when the
chip size is reduced to 20 pm [37]. The power of micro-LEDs
for the stimulation of C1V1 and ChrimsonR should be 94.5
mW and 261.6 mW respectively. From a standpoint of energy
consumption alone, opting for the stimulation scheme involving
C1V1 and green micro-LEDs would be more suitable.

In addition to the intensity distributions along the propaga-
tion direction, the distributions on the receiving plane, which
determine the resolution, are also of significant importance.
Fig. 3(a) and (b) show the top-viewed normalized light intensity
distribution profile on the L4 receiving plane for green and red
illumination based on numerical simulation. To improve the
accuracy of the model, n needs to vary with the depth d which
represents the distance between light source and the receiving
plane. Considering the wave theory and the diffusion theory
combined, n can be described as

n =1+ exp(—d/l) 3
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plane along the propagation direction based on numerical simulation for (c) the
micro-LED and (d) the laser. (e) and (f) Normalized light intensity distribution
profiles along the horizontal direction on L4 for (e) the micro-LED and (f) the
laser.

The normalized light intensity distribution results along the
horizontal direction on the L4 receiving plane at different wave-
lengths calculated by the analytical method are compared with
the numerical results in Fig. 3(c) and (d) and demonstrate a high
level of consistency. Then the normalized results at different
depths in the gray matter for different colors are calculated in
Fig. 3(e) and (f). As the penetration depth increases, the full
width at half maximum (FWHM) of intensity peaks gradually
increases, indicating a broaden distribution and reduced spatial
resolutions. The FWHM values on the L4 layers for green and
red situations reach about 1.36 mm and 1.48 mm. The small
difference in FWHM between the two approaches suggests
that there is a minimal discrepancy in resolution. In terms of
comprehensive power consumption and horizontal distribution,
stimulating C1V1 with green micro-LEDs is a more suitable
scheme.

To determine the effects of different light sources on the
spatial resolution, we compare the light distribution within V1
when utilizing a green micro-LED and a green laser device
with the same geometry (Fig. 4). As shown in Fig. 4(a) and
(b), the micro-LED is set as a Lambert source, while the laser
emits parallel beam. The normalized light intensity distributions
along the propagation direction on the cross-sectional plane for
two different devices are simulated and depicted in Fig. 4(c)
and (d). It can be seen that the laser source with parallel beam
exhibits slightly improved penetration capability. Fig. 4(e) and
(f) display the normalized intensity distribution profiles along
the horizontal direction on L4. The FWHM value for the laser
is 1.15 mm, which is only marginally better than that for the
micro-LED (1.36 mm). The resolutions for both devices remain
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Fig.5. (a)and (b) Top-viewed, normalized light intensity distribution profiles
on L4 (wavelength 530 nm) at distances (a) Ax = 2 mm and (b) Ax = 1 mm
between two micro-LEDs. (c) and (d) Normalized light intensity distribution
profile along the horizontal direction on L4 (wavelength 530 nm) at distances
(¢) Ax =2 mm and (d) Ax = 1 mm . (e) Calculated resolution limits at varied
depths in V1. (f) Schematic diagram of the micro-LED array (pitch = 1.3 mm)
Displaying the character “E” of different sizes. (g) Schematic diagram the image
received by L4 in V1.

within the millimeter range, indicating that the primary factor
constraining the spatial resolution is the tissue scattering rather
than the light source itself.

Utilizing the analytical model and the previously calculated
horizontal distribution, we numerically predict the resolution
limit of green micro-LED light irradiation. The resolution limit
is the minimum distance between two adjacent micro-LEDs
mounted on V1 that can distinguish two L4 receiving light spots,
which implies that the secondary peak resulting from the overlap
between the two spots is smaller in magnitude compared to the
peak with the highest intensity. The receiving light spots herein
refer to the positions with the highest intensity. Fig. 5(a)—(d)
show the light intensity distribution results on the L4 for two
adjacent micro-LEDs at various distances Ax = 2 mm and 1
mm. When the space Ax is 2 mm, two spots can be clearly
distinguished. With the decrease of the space between two
micro-LEDs, two spots are gradually overlapped. Two spots
converge to form an indistinguishable spot when Ax is 1 mm.
The resolution limit can be simplified as the FWHM, and the
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TABLE II
THERMAL PARAMETERS USED IN SIMULATION
Specific heat Thermal Density
Material capacity conductivity 3
(kg K) Wimky | Gegm)
Brain 3650 0.5 1040
tissue
GaN 427 239 6149
Polyimide 766 0.837 1420
Cu 385 400 8960
Glass 730 1.4 2210

resolution limit changed with the depth of the gray matter is
shown in Fig. 5(e). In the ideal scenario, the peak intensity at the
overlapping region between two micro-LEDs separated by the
full FWHM is of equal to that of a single micro-LED. However,
the overlap leads to an elevation in the peak value of the highest
peak and a displacement towards the center. As a result, the
actual resolution limit is slightly smaller than the FWHM. Based
on the preceding discussion and analysis, it can be concluded
that micro-LEDs with a spacing of approximately 1.3 mm can
yield favorable resolution outcomes. Considering that the size
of human primary visual cortex is about 4 x 4 cm? [38], the final
array can consist of about 30 x 30 micro-LEDs. The schematic
diagram of micro-LED array displaying different size characters
“E” are presented in Fig. 5(f) and the corresponding image on
the L4 is shown in Fig. 5(g). Through comparison, it becomes
evident that the array is capable of forming distinct patterns and
letters in the L4 region and verifies the feasibility of employing
this array for visual restoration prostheses. It should be noted
that here the micro-LED array is designed to target the L4. If we
target more shallower regions like 1.2/3, the resolution limit can
be further improved to ~0.8 mm (Fig. 5(e)).

Thermal simulations are also conducted to validate and opti-
mize the design of the micro-LED array. As shown in Fig. 6(a),
the thermal model is composed of the double-layer biological
model developed above, a 50 pum thick glass layer, a 5 pym
thick micro-LED with a size of 20 yum and a 50 pm thick
substrate layer, which can be polyimide (PI) or copper (Cu). The
thermal properties of these materials are presented in Table II.
Then the transient and steady-state thermal distribution results
are simulated through the finite-element analysis (COMSOL
software) and the simulations are divided into two parts, the pho-
tothermal effect and the electrothermal effect. The photothermal
effect is the heat solely caused by the optical irradiation, and
the electrothermal effect is originated from the Joule heating
from the electrically injected green micro-LED, which has a
limited, non-unity EQE (~15%). Eventually, the temperature
rise within the brain tissue is the combination of these two
effects. We first apply polyimide tape as the soft substrate and
observe the highest temperature within the tissue finally reaches
about 100 °C (Fig. 6(b)). Comparing the photothermal and
electrothermal results shown in Fig. 6(d) and (e), it can be found
that the primary influencing factor lies in the device’s heating
and inadequate heat dissipation because of the poor thermal
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Fig. 6. (a) Cross-sectional view of the thermal model simulating the temper-

ature distribution within the brain during LED operation. (b) and (c) Dynamic
increases of the maximum temperature within the brain tissue when the micro-
LED is turned on at t = 0 s. Here the micro-LED is mounted on (b) Polyimide
(PI) or (c) Copper (Cu) substrates. (d—f) Steady-state temperature distribution
with the device and the brain tissue, considering (d) the photothermal effect, (e)
the electrothermal effect and (f) the combined effect when the substrate Is PI.
(g-1) Steady-state temperature distribution with the device and the brain tissue,
considering (g) the photothermal effect, (h) the electrothermal effect and (i) the
combined effect when the substrate is Cu. (j) and (k) Dynamic increases of the
maximum temperature within the brain tissue when a micro-LED operates in a
pulsed mode (at a frequency of 10 Hz, duty cycle 0.5). Here the micro-LED is
mounted on (j) Polyimide (PI) or (k) Copper (Cu) substrates.

conductivity of PI (0.837 W/m/K). To avoid the thermal damage,
the material of the substrate is replaced by Cu, which has a
much higher thermal conductivity (400 W/m/K). In this case, the
highest temperature within the tissue is under 38 °C as shown in
Fig. 6(c). The minimal disparity observed between Fig. 6(d) and
(g) suggests that the substrate material has a negligible impact
on the temperature increase induced by light radiation. More
practically, pulsed stimulations are often used in optogenetics.
In Fig. 6(j) and (k), we further analyze the thermal behaviors
of micro-LEDs under pulsed operation (10 Hz frequency, 0.5
duty cycle). In this case, the temperature rise within the tissue
is considerably lower than those captured under continuous
illumination. Here we assume the green micro-LED has a fixed
EQE (15%), independent of the operating temperature. When
considering the thermal effect on the LED performance, the
results for the devices on PI could be much worse. Thermal
simulation results indicate that the micro-LED arrays necessitate
the use of materials with high thermal conductivity like Cu as
effective heat dissipation layers. For practical use, other metals
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with better biocompatibilities, like titanium or platinum, can be
considered.

III. DISCUSSIONS

Based on the optical and thermal simulation, we design a
micro-LED array as the optogenetic stimulator for visual cortical
prostheses. InGaN green micro-LEDs for the stimulation for
C1V1 are selected by comparing the power consumption and
light distribution. The array is comprised of 30 x 30 micro-
LEDs, with a precise spacing of 1.3 mm between each individual
micro-LED considering the resolution limit. In order to mitigate
potential thermal harm to biological tissues, it is imperative to
incorporate a heat dissipation layer into the device design, given
the small size of the components alongside their relatively high
power consumption. The micro-LED array can theoretically be
implanted on the dura mater to effectively stimulate the L4
region of the primary visual cortex with 900 channels, thereby
fulfilling the requirements of an optogenetic visual cortical
prosthesis.

The potential vision restoration effect achievable by the device
can be roughly estimated by comparing the angular resolution
of the human eye with the resolution of the device. In visual
cortex close to the fovea, the cortical magnification is about
4 mm/° [39], which is estimated to achieve a final resolution of
0.325° and the corresponding visual acuity is 20/389. Although
the performance is far from perfect when comparing with the
normal human vision system (with a visual acuity of 20/20),
the resulted effect is better than the Argus II of which the
visual acuity can reach 20/1200 and can help the blind feel
glowing objects or see patterns and characters. However, this
estimation lacks accuracy as the precise mechanisms underlying
the establishment of visual information in the visual cortex
remain incompletely elucidated.

Resolution is a key determinant of the visual acuity attainable
by the prosthesis, and the primary limiting factor in achieving
high resolution is the significant scattering phenomenon within
the tissue. Optical stimulation retinal prostheses can improve the
resolution by increasing the numbers of stimulation channel.
Notwithstanding, the L4 region is located at a specific depth
within the cerebral cortex, distinct from photoreceptors that
reside on the surface of the retina. The scattering phenomenon
encountered during the penetration process imposes a resolution
limit in the millimeter range, and solely increasing the number
of channels does not effectively enhance the final resolution.
To overcome the challenge, a Utah optrode array permit focal
optogenetic stimulation of deep layer neurons [40]. The device
with the size of 4 x 4 mm? consisted of 10 x 10 glass needle
waveguides bonded to an addressable micro-LED array and was
validated to achieve sub-millimeter level stimulation in macaque
primary visual cortex. The specifically engineered waveguides
can effectively mitigate light scattering within tissues, but they
may also pose a potential risk of mechanical damage to the tissue.
Advancing resolution capabilities to enhance restored visual
acuity while concurrently preserving the benefits of minimal
tissue damage is the subsequent objective of optogenetic visual
cortical prostheses.
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IV. SUMMARY

In this paper, we first review the recent progress on the devel-
opment of various visual prostheses. Based on the stimulation
position, visual prostheses can be divided into retina prostheses
and visual cortical prostheses. The prostheses for retina can
replace photoreceptors and treat relevant diseases like AMD
and RP. Relatively, visual cortical prostheses can directly active
higher level neurons and are indicated for the management of
more intricate and severe visual impairments. Based on the
stimulation mode, the prostheses can be divided into electrical
stimulators and optogenetic stimulators. The electrical strategy
is characterized by its maturity and gene-independent nature, and
the optogenetic strategy presents advantages of cell specificity,
reduced tissue damage and theoretically better spatial resolution.

To achieve high-density optical stimulation of the visual
cortex, we design a micro-LED array for visual cortical pros-
theses. Through optical modeling calculations and software
simulations, we conduct a comparative analysis of the power
consumption requirements and resolution between two distinct
optogenetic approaches, separately utilizing C1V1 and Chrim-
sonR. Following meticulous evaluation, the method of utilizing
green light for the activation of C1V1 is recommended, based
on the state-of-the-art micro-LED technologies. The spacing
for individual devices and number of channels in the array
are determined by calculating the optical field distribution and
resolution limit. The design of the device’s heat dissipation
layer is optimized through thermal simulations to ensure that
it does not cause any thermal damage to the tissues. We perform
simulations to assess both the display performance of the array
and the activation effects within the designated stimulation
area, verifying the feasibility of the design in visual cortical
prostheses.

Finally, we discuss the visual efficacy attainable through the
utilization of this visual prosthesis and the primary factors that
constrain the resolution of optical stimulation for visual cortex,
specifically the L4 in V1. The resolution is hindered by scattering
within the tissue, and the potential solution Utah optrode array is
also introduced. Currently, further advancements in the applica-
tion of optical visual cortical prostheses are still pending, as the
challenges of severe scattering within tissues and the elucidation
of biological visual signal mechanisms need to be addressed.
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