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Implantable LED light sources have received a lot of attention in the field of optogenetic neuromodulation. This type of light
modulation enables effective stimulation of neurons. However, as optogenetics moves towards clinical trials, combinatorial
photostimulation based on arrays of LED light sources has emerged. This approach inevitably brings about a large increase in
transient temperature, resulting in the inability to achieve precise stimulation of cells. We designed a wireless optogenetic
hardware system to realize the control of the stimulation mode and temperature of the light source array. At the same time, a
set of combined photothermal physical model was established to simulate the photothermal response of the whole experiment.
The physical model can effectively guide the wireless optogenetic hardware circuits to perform effective stimulation within a
controlled temperature range. Our model provides a new technical approach for photothermal studies in optogenetic clinical
trials.

1. Introduction

Optogenetics (OG) is an approach to neuromodulation and
brain science that combines optics and genetics. The idea is
to first “insert” a light-sensitive ion channel protein into a
nonvirulent adeno-associated virus (AAV) using recombi-
nant DNA technology. The adenovirus is then injected into
the study cells, where the specific neuronal cells are infected
and form light-sensitive ion channels in their cell mem-
branes. The light-controlled “on/off” of the neuronal light-
sensitive ion channels is then achieved by irradiation with a
characteristic spectral light source, enabling light-controlled
neuromodulation. Perhaps, more importantly for neuro-
modulation and biomedical engineering is the application
of this technology to clinical practice. Indeed, with the rapid
advancements in neuromodulation technology, electrical
stimulation has emerged as the primary modality used in
medical applications. Techniques such as deep brain stimula-
tion (DBS), vagus nerve stimulation (VNS), sacral nerve
stimulation (SNS), and spinal cord peripheral stimulation

(SCS) have been extensively utilized to treat various neuro-
logical disorders. These disorders include Parkinson’s dis-
ease, epilepsy, neurogenic incontinence, and intractable or
cancer-related pain, among others. These stimulation tech-
niques have significantly contributed to the relief of patients’
suffering and have shown promising results in improving
their overall well-being [1]. Optogenetics techniques offer
distinct advantages over neuroelectrical stimulation in terms
of modulation specificity and spatial precision for neurons
and diseases. Optogenetics provides the ability to precisely
control and manipulate specific neurons using light-
sensitive proteins, allowing for targeted and precise modula-
tion of neural activity. This level of precision can potentially
lead to more effective and personalized treatments for neuro-
modulatory disorders. There are already research teams
actively working on optogenetic technology and conducting
scientific studies to explore its potential clinical applications.
These studies are aimed at investigating the feasibility and
efficacy of optogenetics in treating the neuromodulatory dis-
orders mentioned earlier. These ongoing efforts hold great
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promise for the future of optogenetics as a potential thera-
peutic approach [2].

The commonly used optogenetic light source tools are
often based on laser and fiber optic technology. For instance,
the Changchun Institute of Optomechanics, Chinese Acad-
emy of Sciences, has developed a laser and implantable fiber
optic pin kit for optogenetic research [3]. This technology is
well-established and mature. As long as the stimulation
threshold for such light sources is maintained above a mod-
erate level, power consumption and heat dissipation are typ-
ically not major concerns. In contrast, the use of LEDs as
light sources for clinical medical experiments in optoge-
netics neuromodulation is still relatively in its early stages
of development. When employing LEDs as light sources in
optogenetic experiments, there are two main design
approaches to consider. The first approach involves utilizing
a light waveguide technique. In this approach, the light
source is generated away from the tissue and then delivered
to the target neuron via a light waveguide delivery system.
The second approach involves localised light stimulation,
where the LED directly stimulates the targeted neuron with-
out the need for a waveguide or delivery system. Both
approaches have their advantages and considerations, and
the choice between them depends on the specific require-
ments of the experiment or application. Continued research
and advancements in LED-based optogenetic light sources
are expected to further enhance their capabilities and effec-
tiveness in clinical settings.

In terms of the process of light stimulation, for the neu-
rons to be effectively stimulated, they must be given suffi-
cient light intensity. Cultured cells encoded with wild-type
ChR2 typically require photon fluxes of 1017–1019 s-1 cm-2

(0.4-40mW/mm2) to achieve a full dynamic range of photo-
current response [4–6]. Typically, reliable neural firing at
20Hz has required 0.7mW/mm2. This optical power param-
eter enables optimal photostimulation response in optoge-
netic studies by Prof. Sheng Xing’s team. Meanwhile, in a
study targeting optogenetics and dopamine detection stud-
ied by Sheng Xing et al. Radiance in vivo between 1016-
1019 photons between s-1 cm-2 (40uW/mm2-40mW/mm2)
[7, 8]. The intensity of radiation inside the body is slightly
lower compared to outside the body. Depending on the
requirements of in vivo and in vitro studies of neuronal cells,
there is a need for our light source array probes to be able to
adapt to the appropriate light intensities. At the same time,
variant structures on ChR2 are constantly being adapted to
changes in parameters such as light intensity faster and more
efficiently [9]. Considerable efforts have been made by scien-
tific scholars in this area. CatCh protein, a variant of the
light-sensitive protein ChR2, which reduces the amount of
photons in response to Ca2+-derived light stimulation to
1016-1017 photons s-1 cm-2 [10, 11]. Thus, we can see that
the binding of different light-sensitive proteins to different
neuronal cells requires us to design different thresholds for
photostimulation parameters. Opsins are generally respon-
sive to high-energy and low-penetration depth visible wave-
lengths. Fiber optics that are used to deliver light close to the
target cells located in the deeper regions have disadvantages
including artifacts and inconveniences in moving animal

experiments. Therefore, wireless methods are of interests in
neuromodulation both in label-free approaches and optoge-
netics as a labeled strategy. Wireless approaches include use
of plasmonic materials and upconversion materials when
using highly penetrated NIR light sources, or use of
implanted micro-LEDs [12, 13].

It is possible that localised light stimulation techniques
offer more advantages over optical waveguide technology
systems with different thresholds. Localised light stimulation
allows for the multiplexing of light sources, enabling the
adjustment of different light intensities. This flexibility in
adjusting light intensities is beneficial for experimental
setups, as it provides finer control over the stimulation
parameters. Moreover, the effective integration of control
circuitry with the light source enables wireless stimulation.
This eliminates the need for physical connections and offers
greater freedom and convenience in experimental designs.
The ability to stimulate wirelessly simplifies the experimen-
tal procedures and enhances the feasibility of optogenetic
applications in various settings. By utilizing localised light
stimulation techniques, researchers can achieve precise con-
trol over neural activity and conduct more sophisticated
experiments. The wireless capability and multiplexing of
light intensities open up new possibilities for studying and
treating neurological disorders with improved precision
and adaptability [14].

However, for LED light sources and micro-LED light
sources, even the best light efficiency can only reach 80%.
This may not meet the 2 degree Celsius temperature limit
on the surface of the light source if the control parameters
of the control circuit are not precise. If the temperature limit
of 2 degrees Celsius is to be guaranteed, it is possible that for
specific biological tissues, their light intensity will not reach
the state of activation of nerve cells. The key issue is there-
fore to find a balance between light intensity and tempera-
ture limit. The current research team focuses on the device
characteristics and thermal features of the light source itself;
for example, Mcalinden et al. discussed the optical and ther-
mal characterization of their respective monolithic gallium
nitride optrode [15]. However, no team has yet designed
an optogenetic photothermal model with an optimal combi-
nation of light source arrays, light intensity, temperature
limits, and hardware association from the perspective of
photothermogenesis.

Based on existing research, this system designs and flows
a micro-LED array for optogenetics and a wireless optoge-
netic control circuit. And the physical model was established
on light and heat in the experiment to verify the optimal
photothermal relationship, and the wireless optogenetic
parameter optimisation algorithm is designed to achieve
the optimisation of the parameters of the whole system.

2. Methodology

The overall structure of the system is shown in Figure 1,
where Figure 1(a) shows the wireless optogenetic micro-
LED array stimulation circuit we designed, Figure 1(b)
shows the wireless power supply circuit, Figure 1(c) shows
the customised Petri dish we designed, Figure 1(d) shows
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the structure of the light source array we designed, and
Figure 1(e) shows the structure of the customised Petri dish
we designed. Our physical model is centred around the
whole experiment.

2.1. Wireless Optogenetic Circuit LED

2.1.1. Micro-LED Photopolar Array Design. The micro-LED
array used in this system was designed using GaN. In order
to achieve a more precise irradiation of the neurons, a
smaller array of light poles was designed. Smaller LEDs will,
therefore, require higher drive current densities to achieve
the same emission profile. However, this means that they
are more susceptible to droop. Droop is a phenomenon well
documented within the LED community whereby the effi-
ciency has an inverse relationship with the current density.
It was recently attributed to the Auger recombination by Ive-
land et al. Figure 2(a) compares the luminous efficacy of
mini LEDs and micro-LEDs (Cree Crop DA2432, light-
emitting surface: 280μm× 210μm) from literature [16] and
literature [17]. The comparison shows that the emission effi-
ciency of micro-LEDs, despite being relatively low, is suffi-
cient for the light excitation intensity of neurons, and
taking into account the thermal implications, we ultimately
chose to design micro-LED arrays. We fitted the input
power versus radiation flux parameters for different sizes
of micro-LED single light sources, as shown in Figure 2(b).
Thus, the radiant flux can be considered as another element
of the light source. It should be noted here that the require-
ment for light intensity in our optogenetic experiments is
about 8mW/mm2. Considering the luminous efficiency of
micro-LEDs, we finally chose micro-LED arrays with a sin-
gle size of 60μm size. Later, hardware experiments also ver-
ified that choosing 60μm size can meet the requirements.

As it can also be seen in Figure 2(b), for micro-LEDs, the
turn-on voltage is set at around 2.5V-3.5V and the current
is set at 100mA or less. With these preset basic elements,
the micro-LED array is designed and flow sheeted. The elec-
trical, optical, and thermal properties and circular micro-

LEDs with equal light-emitting area in the light source size
range of 30-100μm were tested in the first stage; the influ-
ence of the shape of the light-emitting area on the character-
istics of the micro-LEDs at different sizes was studied in
comparison, and a single micro-LED light source with a
square light source size of 60μm was selected, taking into
account its photoelectric and thermal properties. When the
micro-LED current is injected into the active area, the radi-
ation compound photons will spill out from all directions; in
order to avoid the interference between pixels and improve
the external quantum efficiency, electrical and optical isolation
is required, and the simplest way is to carry out etched isola-
tion trench design. The easiest way to do this is by etching iso-
lated trenches, which are formed by etching or etching N-GaN
onto a sapphire substrate to form mutually independent light-
emitting units. The epitaxial wafer used for array preparation
is GaN, where the process includes mesa (etching of the
light-emitting region), ISO (etching of the isolation trench),
ITO (vapour deposition of the ITO current extension layer),
Nline (sputtering of the N electrode), PV (preparation of the
passivation layer), and Pline (sputtering of the P electrode),
and for subsequent soldering of the bare core using the COB
package, the N pole of the light source is selected on one side
of the preparation. The process of preparing the 8 × 8 optical
array is shown in Figure 2(c).

In Figure 2(c), first clean the epitaxial wafer; remove the
surface metal oxides and residual impurity particles; start the
first step mesa, that is, the luminescent area etching, using
bright field mask version and positive photoresist UV lithog-
raphy, through ICP dry etching process; and complete the
luminescent area photolithography version of the graphic
transfer; the second step is the isolation tank ISO etching,
using dry etching N-GaN to the sapphire substrate, etching
depth of 4.5μm, to prevent intercell conductivity and lumi-
nescence through NGaN; the third step is the ITO transpar-
ent conductive layer, through the electron beam evaporation
of 110nm ITO, ITO etching solution to remove the excess,
to complete the graphic transfer of the ITO photolithogra-
phy plate; the fourth step is the interconnection N electrode,

Spiral ganglion cell Implanted device

Photopolar array

Micro-LED

Wafer SU-8

Fabrication

PDMS

Pressure
Metal block

Squeeze
Sacrificial

layer

PDMS stencil

Customized Petri dish

1 cm
(a)

(c)

(b)

(d)

(e)

Figure 1: System overall structure diagram: (a) wireless optogenetic micro-LED array stimulation circuit; (b) wireless power supply circuit;
(c) customised Petri dish; (d) structure of the light source array; (e) structure of the customised Petri dish.
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through the electron beam evaporation of 2.4μm thick Cr/
Al/Ti/Pt/Au, a total of 11 layers of metal as the N electrode.
The P and N electrodes also need to be insulated between the
positive and negative electrodes to avoid short circuit prob-
lems, but the oxide has poor adhesion on the metal surface
and is prone to cracking or even falling off during prepara-
tion. So the surface metal of the multilayer metal is Cr to
increase the adhesion of the N electrode to the SiO2 insulat-
ing layer; the fifth step is PV insulating layer or passivation
layer, grow a layer of 1000 nm thick SiO2 by PECVD, and
use dark field mask version and positive photoresist lithogra-
phy etching solution to remove the excess part of SiO2 to
achieve the light-emitting area and N electrode solder joint
window; the sixth step is the interconnection P electrode,
and use bright field mask version and negative photoresist
lithography, with vapour deposition of 2.4μm thick Cr/Al/
Ti/Pt/Au, a total of 9 layers of metal as P electrode by ther-
mal evaporation; the first layer of multilayer metal in contact
with SiO2 is also made of Cr first to increase the adhesion of
P electrode on SiO2 and array interconnection N electrode.
The prepared chip is thinned and back-plated with a DBR
reflective layer to improve the light extraction efficiency.
Figure 3(a) shows a micrograph of a successfully prepared
bare core of a passive array of micro-LEDs with a pixel size
of 60μm× 60μm.

2.1.2. Wireless Optogenetic Micro-LED Array Stimulation
Circuit. The internal structure of the implanted circuit is
shown in Figure 3(b). In previous research and development,
our team has successfully developed a near-field magnetic
coupling wireless power transfer (WPT) technology with
an operating frequency of 13.56MHz. This technology
enables power transmission within a distance of approxi-
mately 10 millimeters, meeting the requirements for subcu-
taneous implantation. The coil, with a diameter of 28
millimeters, is wound with three strands of pure gold wire
and protected by silicone gel. It receives energy from an
external power supply circuit through coil coupling. Initially,
this energy is converted from AC to DC through an AC-DC
power circuit. Then, it is further transformed into low-
voltage DC power current (DC-DC) to provide a stable out-
put of 3.3V power voltage required by various modules. The
control chip of the implanted circuit adopts Nordic’s
nRF52832 series SoC chip, which has a minimum package
size of only 2.7mm× 2.7mm. It integrates an STM32M4F
class processor and 2.4GHz wireless communication, and
the wireless communication chip is compatible with the
BLE Bluetooth protocol. This controller has been prevali-
dated in the medical implantation circuit of our research
group, meeting the basic implantation requirements. The
controller controls two parts of the chip. The first part is
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Figure 2: Electro-optical conversion efficiency of LEDs: (a) measured efficiencies from mini LEDs, micro-LEDs, and an empirical model of
what is currently available [18]. Also plotted is the highest reported LEDs in the literature [19]. (b) Assuming the model in (a), the radiance
vs. input power profile for different LED sizes; (c) process flow for micro-LED passive arrays.
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Figure 3: (a) Micro-LED micrograph. (b) Wireless optogenetic micro-LED array stimulation circuit structure and test object diagram. (c) in vitro
wireless power circuit.
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the light driving chip, which uses the STLED524 driver chip
and pulse width modulation (PWM) technology to achieve
single or multiple point illumination of the light source.
The second part is the temperature detection chip. Consider-
ing the heat generated by the implant, a temperature detec-
tion circuit is added at the location of the light source
array. This circuit uses the TMP117 chip and peripheral cir-
cuit design to achieve high-precision temperature detection
while meeting the long-term implantation requirements.
The physical diagram of the designed implanted circuit is
shown on the right side of Figure 3(b). The specific circuit
has a detailed circuit diagram in Figure S1.

2.1.3. In Vitro Wireless Power Circuit. The overall structure
of the in vitro wireless power circuit is illustrated in
Figure 3(c). The technical idea of the whole wireless power
supply circuit is shown on the left side of Figure 3(c). The
right side of Figure 3(c) shows the entire physical object
and the test results after removing the wireless power supply
circuit alone. It can be seen that the wireless receives 3.3V,
which meets the requirements of our in vivo power supply.
An enclosure is designed for the power management cir-
cuitry. The lower portion of the enclosure contains the back-
side wireless energy transmission section, where the coils are
embedded on the surface and secured with silicone gel. To
achieve stable control of the power supply voltage in the
external circuit, the same controller used for the in vivo
implantation circuit is employed, eliminating the need for
redundancy. Additionally, the circuit includes the design of
buttons and an LED display circuit. A battery stabilization
charging circuit is designed to charge the internal battery
from the external power supply. This circuit filters and
removes noise from the input power source and divides
the voltage into 3.3V and 5V, preparing them for power
supply to the internal circuit and wireless power transmis-
sion. When the charging is complete, pressing and holding
the button for 10 seconds activates the entire external power
supply. The green LED indicator light flashes, and the inter-
nal circuit converts the DC voltage to 5V through DC-DC
voltage regulation. It is then transmitted to the coil through
DC-AC conversion, allowing for power coupling and supply
to the internal coil. The specific circuit has a detailed circuit
diagram in Figure S2.

Table 1 lists the results of parameter measurements
based on the impedance analyser WK6500 transmitter and
receiver coils. The optimum theoretical value of the load
was previously obtained as 1.3, and the experimental value
of the load resistance was 1.5 for better experimental opera-
tion and data analysis. Since the ESR measurement of the

coils is very sensitive to the surrounding environment and
the position of the coil terminals connected to the imped-
ance analyser, the parameter measurements of the experi-
mental coils were carried out with the addition of resonant
capacitor tuning, which reduces the experimental measure-
ment errors. Through the whole experimental measurement
results, it can be seen that the quality factor conforms to the
whole test results.

2.2. Micro-LED Array Simulation Analysis

2.2.1. Analysis of Micro-LED Array Optical Parameters.
Modelling of a designed micro-LED array is an efficient
way to control the parameters of a wireless optogenetic cir-
cuit. We can use the modelling method to analyse the
parameters that affect the stimulation of the opsins including
the luminescence characteristics of the light source, the spa-
tial distribution, and the spatial light intensity distribution.
At the same time, the effect of different light wavelengths
on light-sensitive proteins of future optogenetics can be
extended [20]. In this paper, we simulate the light illumina-
tion of a 470 nm array of blue light. It is important to simu-
late parameters such as the size of the light source, the
spacing between the light sources, and the light intensity dis-
tribution, as all these parameters affect the stimulation
response of the biological tissue. Therefore, an algorithmic
model of optical distribution of light in biological tissues
was designed in MATLAB for this system. The model is used
to initially determine the parameters of our light source. We
designed our light source as a micro-LED, taking full account
of the fact that small size enables effective and precise stimu-
lation of neurons. Ideally, the micro-LED can be regarded as
a Lambertian [21] body, and the light emitted from the light-
emitting surface of the chip conforms to the Lambertian
cosine theorem, and the light intensity can be expressed as

L θ = Lθ cosnθ, 1

where θ is the luminous angle, Lθ is the light intensity of the
micro-LED on the extended optical axis, and the value of n
depends on the micro-LED half-intensity angle θ1/2, which
is related as follows:

n = −In2
In cos θ1/2

2

As the size of the micro-LED is much smaller than the
distance from the light source to the working surface, the
micro-LED can be regarded as a point source, with an illumi-
nation of

Table 1: Measured coil parameters at 13.56MHz.

Coil parameter Transmitter coil Receiver coil Receiving coil with load 1.5Ω

Inductors 4.30 μH 1.52μH 1.68μH

Equivalent resonant capacitance 129 pF 347 pF 334 pF

Resistor 0.89Ω 0.36Ω 1.96Ω

Quality factor Q 204 182 36
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I R, θ = L θ

R2 = L0 cosnθ
R2 , 3

where R is the distance from the micro-LED to the working
surface, converted to a right angle coordinate system; the illu-
minance from the LED source in the xy plane to any point
P x, y, z in the plane can be expressed as

E x, y, z = zmL0

x − X 2 + y − Y 2 + z2
m+2 /2 , 4

where z is the distance from the micro-LED to the target
plane, X, Y are the coordinates of the LED in the x, y
plane, andm is the number of particles. Based on the existing
technical conditions in the laboratory, we set the half-light
intensity angle θ1/2 of the micro-LED we are going to make
to be about 70° and bring it into equation (2) to get its n value
of 0.53. Based on the parameter value ofn, our future setting of
the distance from the light source to the biological tissue will
allow us to calculate the light intensity of our single micro-
LED. It can also be seen from equation (3) that the propaga-
tion distance has a large influence on the spatial light intensity
distribution of the micro-LED, and the farther the propaga-
tion distance, the less light intensity is received and the smaller
the effective surface spot area of the illuminated surface. In
order to ensure the stimulation effect of the micro-LED on
the nerve cells, the spacing between the light source and the
nerve cells needs to be controlled. For this system, we have
designed a micro-LED array irradiation method, so that the
effect of superposition between light sources is also taken into
account. As micro-LEDs are noncoherent light sources, the
illumination of a region by two micro-LEDs is the superposi-
tion of the illumination of a single micro-LED. The superim-
posed illuminance can be obtained from

E2 x, y, z = 2zmL0
x − d/2 2 + y2 + z2

m+2 /2 , 5

where d is the distance between the centres of the two LEDs
and the size of d should be reasonably controlled to ensure
uniformity of illumination. When the LEDs are arranged in
an array, the illuminance transmitted to a point P x, y, z in
the plane is the superposition of the illuminance of each light
source in the array, and when arranged in a rectangular array
ofN ×M, equation (5) further yields the illuminance distribu-
tion of the array. When N andM are odd numbers,

E x, y, z = 〠
N−1 /2

n=− N−1 /2
〠

M−1 /2

l=− M−1 /2

zmL0

x − 2n − 1 dx/2 2 + y − 2l − 1 dy/2
2 + z2

m+2 /2

6

When N andM are even numbers,

E x, y, z = 〠
N/2

n=− N−2 /2
〠
M/2

l=− M−2 /2

zmL0

x − 2n − 1 dx/2 2 + y − 2l − 1 dy/2
2 + z2

m+2 /2 ,

7

where dx is the spacing of neighbouring LEDs in the x direc-
tion and dy is the spacing of neighbouring LEDs in the y direc-
tion. In addition, for the whole system, the micro-LED arrays
are eventually implanted into biological tissues, and themicro-
LED arrays are ultimately implanted in biological tissues, and
when the light source is illuminated, the illumination of the
light source by the biological tissue fluid produces a dispersion
phenomenon, which will be analysed in the next section.

From the theoretical derivation, it can be seen that for the
design of the light source array, the distance between the centres
of the two LED light sources and the light source (d) is a key fac-
tor that may affect the stimulation of the light source as well as
the emission of the light source, which is proved in equations
(6) and (7); at the same time, the distance from the light source
to the biological tissues (z) and the intensity of the light (E) are
also two important factors in equations (6) and (7).

2.2.2. Micro-LED Light Source Simulates Biological
Irradiation Distribution. When a light source stimulates bio-
logical tissue, due to the special characteristics of biological
tissue, photons propagate through the biological tissue in
the process of interacting with the biological tissue micro-
scopic particles. The scattering phenomenon occurs as a
result of the interaction of photons with microscopic parti-
cles of biological tissue. The paths of photons in biological
tissues are random and complex. Therefore, a Monte Carlo
analysis is used to analyse the distribution of light in biolog-
ical tissue. Upon entering the interior of a biological tissue,
photons produce a random step, and an initial directional
cosine representing represents the direction of motion. If
the light source is incident vertically, its directional cosine
in the x, y, z direction should be (0, 0, 1). Each time a photon
is scattered, the direction cosine changes once. If the photon
is still inside the tissue, it will travel according to the current
step and direction cosine. If it is out of boundaries, the pho-
ton will be reflected or transmitted according to random
sampling. If it is transmitted, the photon will be terminated;
the photon will be scattered and absorbed after moving the
distance of the current step, and the weight of the photon
will be changed. If the weight of the photon is greater than
the set photon termination threshold, the photon starts a
new round of walking, and conversely, if the weight of the
photon is less than the termination threshold, the Russian
roulette method is used to determine whether the photon
still has a chance to start a new round of tracking.

The scattering and absorption of photons occurring in
biological tissues as well as the step size and direction of
motion of photons are generated by random numbers on
the basis of their probability distributions [18]. If the
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probability distribution of the variable x between x1, x2 is
P x , the ε of the pseudorandom number between (0,1) is
generated by computer; i.e., x is calculated by the following
equation, and the random numbers are sampled during the
simulation by the following equation.

x2

x1
P x dx = ε 8

This is done in the following five steps:

(1) Photon random step sampling: the dimensionless
distance a photon needs to travel to interact with
the microscopic particles of biological tissue during
its walk becomes the photon’s step length. From
the biological tissue action coefficient ρt ,

ρt =
−dP ∅≥∅′

P ∅≥∅′ d∅′
9

The final collation gives a probability density function
for the step size:

P ∅ = ρt exp −ρt∅ 10

Thus, there are sampling equations for random steps:

∅ = In ε

ρt
11

A random step can be thought of as a distance of ∅
through which photons pass before they interact with bio-
logical tissue in absorption and scattering.

(2) Sampling in the direction of photon scattering: scat-
tering occurs when photons interact with biological
tissue, and both the deflection angle θ 0 ≤ θ ≤ π
and the azimuthal angle ψ 0 ≤ ψ ≤ 2π of scattering
need to be randomly sampled, and the probability
density function of the scattering angle is

P θ = 1 − β2

4π 1 + β2 − 2βcosθ 3/2 , 12

where β is the anisotropy factor, where it is isotropic scatter-
ing at 0, forward scattering at values close to 1, and between
0.3 and 0.9 for biological tissues; the final random sampling
equation for cos θ is obtained as

cos θ = 1
2β 1 + β2 −

1 − β2

1 − β + 2βϵ

2

, β ≠ 0 13

The directional angle sampling equation is ψ = 2πε, and
the newly obtained direction of motion of the photon is as
follows:

ρx ′ =
sin θ ρxρz cos ψ − ρy sin ψ

1 − ρz
2

+ ρx cos θ,

ρy ′ =
sin θ ρxρz cos ψ − ρy sin ψ

1 − ρz
2

+ ρz cos θ,

ρz ′ = − sin θ cos ψ 1 − ρz
2 + ρz cos θ

14

If ρz ≥ 0 9999, the new direction of the photon is then
given by
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Figure 4: Spatial distribution of energy absorbed by biological tissues: (a) distribution of energy received by biological tissues for β = 0 5;
(b) distribution statistics for β = 0 5.
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Figure 5: Continued.
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ρx ′ = sin θ cos ψ,
ρy ′ = sin θ sin ψ,

ρz ′ = SIGN ρz cos θ

15

(3) Photon emission: the light source emits photons,
which have an initial position and an initial direction
of motion, the direction of motion being represented
by the direction cosine. The position information
of the photon during transmission is represented
by the coordinates of the Cartesian coordinate sys-
tem, i.e., x, y, z , and the direction cosine is labeled
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Figure 5: Results of the finite element method for the heat source term obtained by the Monte Carlo method: (a, b) solution process for
20mW optical power, 30 s; (c) solution process for 40mW optical power, 30 s; (d) solution process for 40mW optical power, 50 s.
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as (ρx, ρy , ρz), encapsulating the position of the pho-
ton and its direction of motion as a photon packet,
which is a Monte Carlo simulation. In order to simu-
late the energy decay of photons during transmission
[19], an initial weight ω is set for each photon packet,
which is set to 1 in this paper. For a collimated inci-
dent light source, the initial direction cosine of the
photon is (0, 0, 1) and the initial position is (0, 0,
0); photons on the surface of biological tissue will first
have a small portion of light specularly reflected; if
the refractive index of biological tissue is n1, the
refractive index of the medium adjacent to the tissue
when the light source is incident is n2; accordingly,
the specular reflectance is

Rsp =
n1 − n2 2

n1 + n2 2 16

After the photon incident, the photon weight is reduced
by the specular reflection Rsp.

(4) Photon absorption: in order to facilitate the physical
quantities to be simulated, the direction of incidence
of the vertical light source is called the radial direc-
tion (r direction) and the direction of incidence of
the light source is called the axial direction (z direc-
tion). A lattice system is established, dividing r and z
into N lattices, respectively, and the weights of the
photons absorbed during the simulation are passed
through the lattice system and recorded in the
absorption matrix. The absorption matrix gives the
odds of a photon being absorbed at the position in
the radial and axial directions. The photon energy
flow rate can be obtained from the total number of
photons and the lattice size

(5) Photon disappearance: when the photon weight is
less than a threshold, Russian roulette is used to
determine whether the photon can survive [22].
The computational coding was written in MATLAB
to simulate the distribution of the light obtained in
this environment. The transmission distribution of
104 photons in biological tissues was simulated with
an absorption coefficient of 0.5 cm-1, a scattering
coefficient of 80 cm-1, and a refractive index of 1.37
[22]. The photon absorption was calculated for an
anisotropy factor (β) 0.5, and the incident light
source was an infinitely fine beam. The simulation
results are shown in Figure 4, from which it can be
seen that the energy of the incident light is almost
concentrated in a small area near the incident point
and the photon absorption. When β = 0 5, the rate
of decrease of the photon absorption in the R-axis
is significantly faster than that in the z-axis. When
β = 0 5, the rate of decrease of photon absorption
in the R-axis is significantly faster than that in the
z-axis, which is in general agreement with the con-
ventional light diffusion results, while the simulation

results are also consistent when β is equal to other
values

2.2.3. Analysis of Heat Generation from Micro-LEDs and
Biological Tissue. The photothermal reaction between light
source and biological tissue depends on the one hand on
the irradiation parameters of the light source (e.g., distance
between light source and biological tissue, distance between
single light sources, light source radiation flux, combination
of light source irradiation methods, wavelength, current,
voltage, electrical power, and frequency) and on the other
hand on the characteristic parameters of the biological tissue
itself, including optical and thermal parameters. The optical
parameters determine the distribution of light and the
amount of light energy deposited in the tissue, while the
thermal parameters determine the storage and transfer of
heat within the biological tissue and the resulting tempera-
ture changes within the tissue. The parameters that deter-
mine the distribution of heat within biological tissues are
the specific heat C (J/(g·°C)), density ρ (g/cm3), and thermal
conductivity K (W/cm·°C). At the same time, the thermal
parameters of biological tissues are related to the size of
the water content of the tissue as well as to the temperature.
Ortner et al. proposed the following relationships between
the thermal parameters of biological tissues and the water
content of the tissue through experimental studies [23].

ρ = S +W g/cm3 ,

C = 4 19 × 0 37 + 0 67W
ρ

  J/ g · °C ,

K = 4 19 × 0 133 + 1 36W
ρ

mW/cm · °C

17

where S (g/cm3) is the density of material other than water
inside the tissue and W (g/cm3) is the density of the water
within the tissue. In addition to this, Jacques and Prahl have
suggested that the biological tissue density is related to water
content and have given a relationship between the two [24].
Gourlay et al. have also given a relationship between the
thermal parameters of biological tissues and the internal tis-
sue. Gourlay et al. also give a relationship between the ther-
mal parameters of biological tissues and the internal water
content and fat and protein content of the tissue [25]. In
addition to the tissue water content, the temperature magni-
tude of the biological tissue also has an effect on the tissue
thermal parameters. If the effect of temperature on the ther-
mal properties of the tissue is not taken into account in the

Table 2: Thermal simulation results.

Light
power

Time
Max.

temperature
Min.

temperature
Temperature
difference

20mW 30 s 37.833°C 37.289°C 0.533°C

20mW 50 s 38.053°C 37.519°C 0.534°C

40mW 30 s 38.644°C 37.577°C 1.067°C

40mW 50 s 39.105°C 38.038°C 1.067°C
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calculations, some temperature compensation should be
applied to the calculation process.

In addition to the thermal parameters of the biological
tissue itself, the heat transfer process of the biological tissue
has to be taken into account. There are three forms of heat
transfer, which mainly include heat conduction, heat radia-
tion, and heat convection. The total amount of heat gener-
ated by biological tissue when irradiated by a micro-LED
and the final size of the tissue heat deposition are inextrica-
bly linked to the heat transfer process. The study of the
photothermal effects on biological tissues requires a clear
understanding of the energy generated by the light source
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Figure 6: Combined light source and biological tissue simulation: (a, b) simulation results with a single light source; (c) steady-state results
with a single light source; (d) steady-state results with an array of light sources.
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Figure 8: Continued.
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and the final form of energy conversion. For living tissues,
according to the law of conservation of energy, there are
three main forms in which the energy obtained by the tissue
after irradiation by a light source is present, as shown in the
following equation.

Q =Qstore +Qloss +Qmet 18

The energy absorbed by the biological tissue Qstore, the
loss of energy due to heat transfer within the biological tissue
Qloss, and the loss of energy due to metabolism within the
biological tissue Qmet, Q is the energy gained by the biologi-
cal tissue due to light exposure. Qstore is the decisive factor
causing the temperature rise in the tissue. Qloss consists
mainly of the three forms of heat transfer previously
described, heat conduction, heat radiation, and heat convec-
tion. The effect of thermal radiation is only apparent when
the temperature is extremely high, and as the temperature
rise from the photothermal interaction between the light
source and the biological tissue is moderate, the effect of
thermal radiation is negligible. The heat convection within
the tissue is caused by blood perfusion and heat transfer
based on blood flow. Since only the photothermal effect of
the biological tissue in the isolated state is considered in this
paper, the amount of the heat convection can be neglected,
and similarly, the metabolic heat Qmet can be neglected. In
this paper, the micro-LED light source parameters and the
dynamic thermal properties of biological tissues are investi-
gated. The heat transfer in biological tissues is described by
the simplified Pennes heat transfer equation, which is based
on the following equation:

ρC
θT
θt

= ∇ K∇T +WC T − Tϑ +Qmet +Q 19

The left-hand side of the equation represents the energy
stored per unit volume within the tissue. The first term on the
right side represents the heat energy loss due to temperature

increase per unit volume, the second term represents the contri-
bution of blood perfusion rate to the heat energy, the third term
is the internal metabolic heat of the tissue, and the last term is
the external heat source. The simulations in this paper are
based on isolated liver tissue, and Qmet is ignored in the simu-
lations, and the effect of blood perfusion is not considered. In
order to determine a heat transfer process, in addition to the
Pennes heat transfer equation, the initial and boundary condi-
tions of the biological tissue model must be known, i.e., the
definite solution conditions required in the solution of the par-
tial differential equation. The initial condition is the initial
temperature of the biological tissue, and the boundary condi-
tion is the state of heat transfer between the biological tissue
and the surrounding environment. The most common forms
of boundary conditions can be divided into three categories:
the first category of boundary conditions, or the Dirichlet
boundary conditions; the second category of boundary condi-
tions, called the Neumann boundary conditions; and the third
category of hybrid boundary conditions. The analytical solu-
tion to the Pennes equation is difficult to obtain and is gener-
ally solved numerically. The results of the solution of the heat
source term obtained using the finite element method for the
Monte Carlo method are shown in Figure 5.

From the graph, we measure the effect of the light
source-related parameters optimised for the biological tissue
temperature by the maximum temperature variation in the
previous phase. The results of the simulation are tabulated
in Table 2, and it can be seen that the variation range of
our optimised system does not exceed 1.5 degrees Celsius
with power and time.

In addition to the optical power and time, we have based
this on a joint simulation of the photopolar array’s own
parameters, the distance to the biological tissue, and the
spacing of the light sources in standard words. As shown
in Figure 6, from these parameters, we can derive a more
precise range of parameters for our photostimulation sys-
tem, which provides a theoretical basis for the practical tests
we conduct later.
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Figure 8: The simulated irradiation of single micro-LED and micro-LED array in biological tissues: (a–d) the dispersion distribution of the
light source of a single micro-LED when it is 1mm-4mm away from the target neuron; (e) the statistics of the dispersion of the light source
of (a–d); (f–h) the dispersion distribution of the array of micro-LED when it is 0.1mm-0.3mm away from the target neuron. It can be seen
that the farther the neuron, the more diffuse the light is and the weaker the light intensity is at the target neuron.
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3. Construction of Experimental Platforms

The LEDs on the optical poles were originally designed to
operate at 0-100mA, but in practice, they are within 10mA,
which is about a tenth of the original design. The entire opto-
genetic circuit comes with a temperature measurement chip,
TMP117, which is a high-precision, low-power digital tem-
perature sensor that canmeasure temperature changes within
5mm of the light source, while using a high-precision ther-
mometer (model: AZ 88598 4ch K SD Logger) to measure
the temperature of the light source surface contact and the
surrounding temperature, the two thermometers achieve
mutual correction. The two thermometers correct each other
to give an accurate picture of the temperature change. The
measurements are carried out in an enclosed space with a con-
stant temperature of 28 degrees Celsius, using different
parameters of the light source and continuous and pulsed irra-
diation. The entire temperature test platform is shown in
Figure 7.

While for the overall experimental system as shown in
Figure 7, primary isolated spiral ganglion cell cultures were

obtained from newly born fetal rats as required by the design
of this system and cultured in a similar way to that described
in [26]. Briefly, pregnant female rats are cultured, and when
the fetal rats are delivered, a portion of the spiral ganglion
cells are surgically removed at the fetal rat ear location and
placed in phosphate-buffered saline (PBS) for cryoprotec-
tion. Under aseptic conditions, 2-5 spiral ganglion cells from
fetal mice were desliced, depending on the number of cells
required. Using fine forceps and scissors, an incision is
formed at the back of the ear, and once cut, the spiral gan-
glion cells will be separated, collected through a plastic
pipette, and then gently transferred to a culture dish in
digest containing trypsin for 20 minutes before being placed
into PBS and washed several times. 0.5ml of DNAase solu-
tion is added to the tissue solution. The DNAase solution
can be used to remove possible DNA contaminants to avoid
them interfering with the results of the experiment. Rub the
cell surface through the pipette tip until there is no visible
sign of tissue. These suspensions are slowly centrifuged for
about 10min, at which point, the resulting cell pellet
becomes ready-made medium after removal in PBS. Coating

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 9: Micro-LED light source array test results: (a–d) the illumination of a single light source with 3 × 3 arrays at different spacing at
20mA; (e–h) the illumination of a single light source with 3 × 3 arrays at 40mA for a tissue distance of 1 cm; (i–l) the illumination of a single
light source with 3 × 3 arrays at 40mA for a tissue distance of 2 cm.

15International Journal of Distributed Sensor Networks



the surface of the photopolar array with polylysine con-
structs a biosensor function that allows for highly sensitive
and selective detection of target molecules. The whole pro-
cess was completed with cell acquisition. The previously
selected photosensitive protein+viral vector is then targeted
and injected into the spiral ganglion cells, and the entire cell

transfection is completed by 60 days of culture, culminating
in precise stimulation using our self-developed optogenetic
hardware results, while the system is mainly completed with
temperature monitoring, achieving optimal temperature
limits through temperature monitoring, light sources, and
biological tissue.
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Figure 10: Test results of the photodiode array parameters. (a) Temperature variation curve for micro-LED array at different currents. (b)
Temperature variation curve at different PWM. (c) Temperature variation at different power levels with 12 light sources lit. (d) Temperature
variation at different power levels with a single light source lit. (e) Maximum permissible pulse width and duty cycle for a given power and
temperature rise limit of 2 degrees Celsius.
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4. Results and Discussion

4.1. Optical System Simulation Results. The designed micro-
LED array was experimentally tested by comparing the light
source simulation algorithm designed in Figure 8, setting the
light source current at 20mA in Figures 9(a)–9(d), lighting a
single light source and a 3 × 3 light source array in the
micro-LED light source, and setting the light source array
with different pitches of 76μm, 144μm, and 212μm light
source arrays. When simulated close to the biological tissue
at 1 cm and varying the current of the light source to
40mA, the projection diagram of the array of light sources
is shown in Figures 9(e)–9(h). When close to the biological
tissue for 2 cm, the projection diagram is shown in
Figures 9(i)–9(l). It can be seen experimentally that the dis-
tance between the pair and the light source and the distance
between the light source and the tissue and at the specified
light intensity are consistent with the simulation results. It
should be noted that this experiment was conducted in cus-
tomised culture dishes. Therefore, the safety of both the light
source and the cells can be disregarded.

In the 3 × 3 array of light poles, different drive currents
were designed to observe the temperature change under
the drive circuit, and it can be found that the temperature
change for 15 minutes at a drive current of 20mA, 25mA,
30mA, and 35mA can be seen that the overall temperature
change is basically in a steady state within the change range
of 1-2 degrees Celsius, as shown in Figure 10(a). The circuit
from which we set the light sources is controlled differently
at 35mA by varying the duty cycle, and the temperature
change can be seen as steady state in Figure 10(b). When
lighting 12 light sources and a single light source, the change
in temperature is within 2 degrees Celsius at different light
powers as seen in Figures 10(c) and 10(d). This is consistent
with the results of the previous simulation in Figures 5 and
6. When we specify a range of 2 degrees Celsius to look back-
wards at the limits of the light source at maximum PWM, as
shown in Figure 10(e), we can see that the maximum allow-
able pulses of the light source include the range we set.

4.2. Photothermal System Simulation Results. The micro-
LED array used in Figures 9–11 was temperature tested
against simulated biological tissues. Firstly, diffusion experi-
ments were carried out on the side of the light source to ver-
ify the diffusion effect of the light source against the

biological tissues as shown in Figure 11. Thus, the photo-
thermal model designed in this system achieves consistency
between the algorithm modelling and the actual experiment.
It should be noted that the results of pulse width modulation
for different frequency designs are given in Figure 10(b), and
the light stimulation in this paper is pulsed, which can be
interpreted as a constant light mode when the pulse width
modulation duty cycle reaches one hundred percent.

4.3. Discussion. Experiments were designed from three
aspects, optical modelling, optical diffusion modelling, and
photothermal modelling, to investigate the relationship
between the final temperature (T) in terms of elements such
as light source current (I), optical power (P), pulse width
modulation (PWM), illumination mode (M), distance
between light sources (R), distance from light source to bio-
logical tissue (D), and scattering properties of the light
source (S). We have designed the function for this system
as follows:

T = f I, P, PWM,M, R,D, S 20

We wish we had modelled optogenetic physics with more
parameters. In addition to this, we have also conducted
research from a cell culture perspective, using photolithogra-
phy and using photovoltaic technology to study a customised
culture dish-based cell culture system. Photolithography, spin-
coating, and masking techniques will be used to achieve a
more refined design of the culture dish arrays, and ultimately,
the cells will be cultured in the designed culture dish arrays.
Precise control of cells will be accomplished through this tech-
nology. And in the process of these designs, the cell tempera-
ture as well as the temperature variation of the whole
hardware determines the feasibility of the whole experiment.
This temperature issue is addressed by the individual models
designed for this system.

5. Conclusion

We consider this work to be a more detailed study of the
implementation of optoelectronics, integrated circuits, artifi-
cial intelligence, and physical modelling, and it leads to a
number of targeted conclusions from the diagrams that pre-
cede this system. For the sake of simplicity, we will summa-
rise four conclusions:

(1) We have designed a wireless optogenetics micro-
LED array hardware circuit and a wireless power
supply circuit, with the micro-LED array controlled
at 60m × 60m

(2) We have designed optical array models for the hard-
ware, scattering and absorption models for light
sources and biological tissues, and a heat transfer
model for light sources and biological tissues. The
entire model aligns with the hardware test results.
This comprehensive physical model has facilitated
research in optogenetic photothermal modelling

(3) In the future, we hope to conduct algorithmic
research in machine learning specifically for certain
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Figure 11: Micro-LED array temperature test results and
quantitative comparison between experimental profiles (lines) and
simulated profiles (dots).
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parameters, enabling us to predict electrophysiologi-
cal parameters

(4) The proposed method’s application can be extended
to implantable neural interfaces and any wireless
neuromodulation strategies such as photothermal,
photoacoustic, and magnetothermal, where a remote
control over photothermal effect is required

We believe that the study of micro-LED photopolar
arrays with photosensitive proteins and their reliability will
continue to improve, but with the effective use of our light
sources, the right stimulation protocols can all be used with-
out significant heating of the tissue.
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Supplementary Materials

Supplementary 1. Figure S1 shows the light source array end
of the whole wireless optogenetic circuit, which mainly
includes 8∗8 micro-LED array and temperature sensing chip
TMP117. It is mainly on the flexible circuit board, which is
the implantable part.

Supplementary 2. Figure S2 shows the entire wireless optoge-
netic circuit control circuit, mainly including wireless energy
transmission circuit in the receiving circuit, control circuit
nRF52832, and driver circuit LP5036. The main mode of
operation is the receiving circuit to receive wireless energy,
which will be converted into 3.3V voltage on the control cir-
cuit and driver circuit power supply. The control circuit con-
trols the driver circuit to complete the micro-LED array to
achieve different illumination methods.
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