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A B S T R A C T

With the development of biomedical technology such as optogenetics, optoelectron-
ics devices, especially light-emitting diode(LED), becomes wildly used in biomedi-
cal researches and applications. Unlike traditional illumination and display appli-
cations, biomedical applications have more unique requirements like intensity and
response speed. The existing optoelectronics systems cannot fulfill all the require-
ments of biomedical applications. It is essential to design particular light sources
and drivers to fill the blank area of biomedical-compatible optoelectronics systems.
However, each biomedical application has its environment and setup. One specific
optoelectronics system will not suitable for all circumstances. This work focuses on
developing a methodology to design advanced optoelectronics driver systems for biomedical
applications to solve this problem.

It takes three steps to develop and verify the driver design methodology. The first
step is producing a high-power biomedical array driving system to verify the array
control strategy. UVC virus inactivation test platform, which successfully finishes
virus inactivation test in Erasmus MC, is produced in this step. The second step is
extending the array driver to the matrix driver. An interactive optoelectronics sys-
tem is designed to perform optogenetics experiments in LUMC. Finally, aiming at
the ultimate goal-implantable, self-powered driver feasibility research is performed
to prove it is feasible to design a self-power optoelectronics driver system in the
future.

Keywords: smart driver, biomedical electronices, high power LED driver, matrix control,
system intergration
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1 I N T R O D U C T I O N

1.1 problems and objective

1.1.1 Problems

Even though there are many commercially available dedicated LED drivers, suit-
able LED driver systems for biomedical application are still a blank area. Because
biomedical application has the following requirements:

1 Quick response speed. Optogenetics modified cells react to light in millisec-
onds time level[1].

2 Enough intensity. UVC virus inactivation test requires a certain amount of
light intensity to inactivate the virus[2]. Optogenetics experiments also require
enough intensity to excite the ion channels[1].

3 Precise control. Biomedical application is sensitive to optical dose, which is
time times intensity. The system should control the time and output power
precisely[3].

4 Complex logic. A biomedical experiment requires different experimental pro-
tocols. The driver system should able to set logic according to DOE.

5 Customized pattern. Pattern optimization is important in optogenetics to im-
prove the efficiency of some applications.

6 User friendly. Biomedical researchers are not familiar with electrical engineer-
ing. So the driver system should make the connection as simple as possible
with a user-friendly UI to avoid any complex programming.

7 Self-powered. The biomedical application’s ultimate goal is in-vivo and wear-
able long-term monitoring where power cables are not feasible anymore[4].

The existing LED drivers listed in the state-of-the-art part can only fulfill one or two
requirements stated above. As a result, an advanced optoelectronics driver system
is necessary to be developed to fill the blank of LED drivers for biomedical applica-
tions.

1



2 introduction

1.1.2 Objective

In this thesis work, research into the methodology of developing an advanced optoelectron-
ics system for biomedical application will be conducted in three steps. In each step, part
of the requirements stated in motivation will be fulfilled. At the end of this thesis
work, an advanced driver system that covers all the requirements will be designed.
A demonstration system or system design should be developed to fulfill a specified
biomedical application to verify the design by doing each step. This thesis’s novelty
is the first design strategy research of optoelectronics drivers focusing on biomedi-
cal application to fill the blank area of current optoelectronics drivers.

The first step is designing an array driving system. This system will be used to
perform a virus inactivation test using UVC LED. To reach the requirement of the
virus inactivation test, the system needs to fulfill the first four and user-friendly
requirements. The second step is to expand array control system to matrix con-
trol system to realize the customized pattern requirement. This system is used to
stimulate optogenetic modified epicardium cell layers. Finally, self-power system
research will be done, seeking available solutions to power up the system for future
in-vivo applications.

1.2 background

1.2.1 Introduction of optoelectronics

Opto-electronics is the electronics devices and system which generate, control, and
detect light. In this context, light covers invisible radiation like X-ray, ultraviolet
(UV), and infrared, adding visible light. Opto-electronic devices are transducers
that convert electrical to optical vice versa or instruments using such devices in
their operation [5]. Technically speaking, all kinds of light sources used in daily life
can be considered as optoelectronics devices and systems. To control and power up
these optoelectronics devices suitable driver system is required. In the electronics
field, a driver is a certain circuit that controls other circuits or components, such as
high-power transistors, current sources, and numerous others.

1.2.2 History of optics in the biomedical field

Early in 1878, short-wavelength light has fund has the sterilization effect[6]. UV has
been known as mutagen at the cell level for more than a hundred years. Since 1980,
light has been first discovered to help treat diseases such as winter depression[7,
8, 9] and shift circadian rhythms[10, 11]. In later years, more and more opto-
biomedical effects have been found. In 1987, Red light was found can accelerate
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wound healing[12]. In 1997, the combination of blue and red light was found
can treat acne vulgaris[13]. With the development of modern optoelectronics and
biomedical technology, new light sources like LEDs and new biomedical techniques
like genetic engineering give this combination even broader application scenarios.

1.2.3 Solid-state optoelectronics

Light-emitting diode (LED) is a solid-state light source emitting light when cur-
rent flows through it. Recombination of excited electrons and electron holes in
semiconductors releasing energy in the form of photons. The emitted light color
is determined by the bandgap energy of semiconductor material consisting of the
LED[14] using Planck’s Equation 1.1.

E = h
c
λ

(1.1)

Where E stands for the bandgap energy (in J) in semiconductor, h is Plank’s con-
stant, c is the light speed in vacuum, and λ is wavelength. For example, GaP
has a bandgap of 2.19 eV, using Equation 1.1, the emitted light wavelength should
be 566nm, which is green. Use a different kind of semiconductors or a layer of
light-emitting phosphor on the semiconductor device, LEDs can have multiple emit
wavelengths from UVC (250 nm) to infrared (1100 nm). Table 1.1 lists some com-
mon LED wavelengths together with their semiconductor materials and possible
biomedical applications.

Peak wavelength Color Materials Possible biomedical application
>760 Infrared AlGaAs Oral mucositis[15], Hair

removal[16]
730 Infrared GaAs Mucositis prevention, wound heal-

ing, and tissue repair [17]
700 Red GaP:Zn–O Low level light therapy[18]
660 Red GaAl0.35As0.65 Allergic rhinitis treatment[19], inci-

sion recovering[20]
610 Orange GaAs0.25P0.75:N Wound healing[11]
590 Yellow GaAs0.15P0.85:N
565 Green GaP:N
530 Green AlGaInN
500 Green InGaN Treatment of seasonal affective

disorder[21]
450 Blue GaN Optogenetics trigger, deep brain

trigger[22]
400 UVA AlGaN Water and air purification[2]

210-400 UVB-UVC AlGaInN Virus inactivation[23]

Table 1.1: Some common LED wavelengths and possible biomedical applications



4 introduction

Comparing to other conventional optoelectronic light sources such as incandescent
bulbs, chemical gas tubes, and fluorescent lamps, LEDs have many advantages over
them, listed below.

• Lifetime: LEDs have a theoretical estimated 35,000 to 50,000 hour lifetime.
In real usage, commercial LEDs have an average of 3,600 to 6,000 hours of
lifetime[24].

• Efficiency: LEDs’ energy conversion efficiency is much higher than other light
sources[25] and not affected by shape and size.

• Robustness: Because LEDs are solid-state light sources manufactured with
semiconductor processes, the physical robustness is much better. External
vibration and drop will not easily damage LEDs.

• Size: The size of LEDs is much smaller than conventional light sources. The
smallest LED can be in micrometers.[26] So, LEDs can be easily attached to
any circuits.

• Switching speed: LED can be switch on and off at a very high speed (over
1 MHz). Thus, LEDs can be easily dimmed precisely by pulse-width modula-
tion (PWM). Moreover, this feature will not affect the LED’s lifetime, unlike
most other kinds of light sources.

As a result, in modern optical biomedical applications, LEDs are the first-choice
light source[27].

Different from other light sources, LED is a current-driven low voltage device. Ac-
cording to the Shockley diode equation 1.2,

I = Is

(
e

VD
nVT − 1

)
(1.2)

where I is the current through the LED and VD is the voltage across the LED, the
current through an LED rises exponentially with the voltage applied to it, meaning
a small change in voltage will lead to a large current change. To prevent damage
and manage output power precisely, LED must be driven by dedicated LED drivers
such as constant current drivers (CCS).
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1.3 state-of-art

1.3.1 Industrial LED drivers

Lighting LED drives

This type of LED driver is aiming to drive super high power LEDs. Usually in light-
ing applications. Multiple LEDs will connect in series to keep the current through
each LED is the same, controlled by the driver. For example, to reach the required
illumination intensity, 20 W, 20 LEDs (3.3 V, 300 mA) will be connected to the driver
in series using a driving voltage over 60V. The output voltage range of this kind of
driver usually very high, and the current is equal to the operation current of one
LED. Large scale LED manufactures like Signify and Philips have a large number of
similar products shown in Figure 1.1a.

Moreover, to reach a stable output performance, lighting drivers have large output
capacitors to avoid flashing[28], leading to the lack of switching ability. The enclo-
sure of this type of driver is a sealed plastic or metal box of large size. Each driver
usually only have 1 output channel except some high-end model.

(a)
(b)

Figure 1.1: (a)Lighting LED driver produced by Signify (b)Laboratory LED driver produced
by Thorlabs Inc.

Indication LED driver

Indication LED drivers are usually in the form of chips and have multiple output
channels which can drive LED arrays. Each channel’s output capacity is fixed to
drive low power single LED, whose operation current is below 20 mA. External
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controllers can connect to these drivers to realize control logic. The internal or ex-
ternal clock signal can provide a PWM output function to control the output power.
Semiconductor manufactures like NXP and TI has different models of indication
LED driver.

1.3.2 Specialized LED drivers

Laboratory LED driver

Laboratory LED driver can drive single high power LED. It has a maximum output
current of 1.2 A and supports external controller input. By tuning the output current
limit, the laboratory LED driver is compatible with different LEDs with different
operating currents. External PWM modulation signal can control the output power.
However, same as the lighting LED driver. Each driver only has single-channel
output. Laboratory instrument providers such as Thorlabs Inc. has similar products
like Figure 1.1b.

OLED driver

OLED driver has the ability to drive high-density LED matrix like a smartphone
screen. OLED chip always in COB packaging and placed on the same substrate of
OLED array. However, each output column’s drive current is in the microampere
level, which is too weak to drive inorganic LED.

ASIC LED driver

In 2019, Zhang et al. developed an ASIC chip using CMOS technology to drive
a 64× 36 pixel monolithic micro-LED matrix. The driver output current for each
column is 30uA[29]. In 2020, semiconductor company Plessey developed an ASIC
driver for a 384× 128 monolithic micro-LED matrix.

1.4 outline

The system designed for the first step is called UVC virus inactivation test platform.
This platform will become generic lab equipment to perform virus inactivation tests.
In this research, a high-power LED array precise control strategy will be developed.
Also, a suitable UI will be designed to interact with users. A series of optical mea-
surements will be performed in Signify to verify the driver capability, followed by
a virus inactivation test in Erasmus MC. The advantage and disadvantages of this
system will be concluded to help improve the next step.
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The matrix optoelectronics driver system will be designed in step two, called In-
teractive optoelectronics system. On the basis of step one, adding scanning function,
the array driver will become a matrix driver. This system will drive a pre-designed
LED matrix to perform an optogenetics experiment in LUMC. Before the design pro-
cess, research of suitable matrix control topology and expandable communication
methods needs to be finished. Output timing, communication latency, and output
light intensity will be measured after the system assembly to verify the system be-
fore performing optogenetics experiments. A future matrix driver for micro LEDs
matrix will also be designed to drive more advanced LED matrix in the future.

To fulfill the in-vivo optoelectronics application goal, self-powered driver research
is necessary to perform. Potential self-power strategies, including nanogenerator
(NG) and wireless charging, will be studied in the third step to finding out the pos-
sibility of developing self-powered drivers.

Using the three steps mentioned above, a suitable design methodology of advanced
optoelectronics driver systems will become available to fill the blank area of LED
drivers for biomedical application.





2 U V C V I R U S I N A C T I VAT I O N T E S T
P L AT F O R M

2.1 introduction

This chapter will introduce the first step, designing the UVC Virus Inactivation Test
Platform, by giving a detailed description of the designing process, measurement,
and virus inactivation result. In this design, a high-power LED array driver is de-
veloped to drive 24 individual UVC LEDs simultaneously with a maximum current
of 300 mA each.

2.1.1 Background

Since the beginning of 2020, the outbreak of a kind of coronavirus has disrupted
our life greatly. Most virologists’ priority is to find out the features of the virus and
then to study the method to suppress the spread of the virus. The condition for
inactivation of a kind virus is an important aspect of research. There are physical
(heat, ultraviolet light, ionizing radiation, and filtration) and chemical methods to
reach this purpose[30]. Chemical methods have many side effects because of using
toxic chemicals like chlorine, chlorine dioxide, or ozone[31]. Heating and ionizing
radiation are not proper inactivation methods under many circumstances like pub-
lic utilities. Filtration devices required large upfront investment and professional
maintenance during operation, which is not feasible for a wide range of applica-
tions. More recently, ultraviolet light has drawn large attention for its user-friendly,
low cost of equipment, energy-efficient, and easy maintenance[32]. Also, it is safe
to apply ultraviolet light with eye and simple skin protections according to ISO
15858:2016.

Ultraviolet (UV) light can be divided into three general types, UVA, UVB, and
UVC. Ultraviolet C (UVC) light has been proven an efficient method of inactivation
virus. It can alter the genetic information saved in the DNA or RNA, causing
organisms such as viruses to be incapable of replicating[33]. It has a wavelength
range from 100 nm to 280 nm, which is shorter than UVA and UVB. According to
Planck–Einstein relation, Equation 2.1, light with a shorter wavelength has higher
energy[34]. As a result, UVC has the highest energy in UV light with better virus

9
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inactivation efficiency.

E = hv (2.1)

In the equation, E is photon energy, h is known as Planck constant, and v is fre-
quency. The shorter the wavelength is, the higher the frequency.

At present, a large number of UVC virus inactivation systems apply low or medium-
pressure mercury lamps as their light source. Mercury lamps have many drawbacks,
such as short lifetime, toxicity, and very low efficiency[35]. As an alternative, UVC
LED becomes a better choice. Because UVC LEDs have a smaller size and higher en-
ergy efficiency. Moreover, UVC LED uses toxic-free material that will not harm the
environment[36]. The virus inactivation efficiency of UVC LED has been proven as
high as a mercury lamp at certain wavelengths[37]. However, LEDs have a narrow
spectrum with a half-width smaller than 10nm. Inside the dominant germicidal
UVC region (250 nm to 280 nm), UVC LED has multiple center wavelengths such as
255 nm, 265 nm, 275 nm and 285 nm. The existing UVC LED virus inactivation tests
are almost based on one, maximumly two wavelengths[35, 37, 38, 39]. There is cur-
rently no research including the systematic UVC LED virus inactivation efficiency
test containing all UVC LED wavelengths. The main reason for this problem is that
the UVC LED system can reach in the market are mainly containing only one or
two wavelengths and do not have direct control of exposure time and intensity.

In this project, a UVC virus inactivation test platform will be developed. This
platform can test all UVC LED wavelengths within the germicidal UVC region indi-
vidually or test the combination of two or more wavelengths together. The platform
has 6 groups of UVC LED install on the LED array module. Each group contains
4 individual LEDs with different wavelengths. Commercial Eppendorf 6-well cell
culture plate can be aligned to the platform, each LED group matching one well in
the plate. These types of cell culture plates are wildly used in all kinds of biology
research, including virus study. This feature will enable this platform to become a
generic research tool for all biology studies. Figure 2.1 shows the system diagram
of the UVC Virus Inactivation system.

2.1.2 Objective

These 24 LEDs are controlled by a smart driver module, which can adjust each
LED’s exposure time and power separately. The driver module is the core part of
the whole system by processing all the user input information and give real-time
control of all LEDs. In addition, the control module is designed to be compatible
with all kinds of UVC LEDs by jumper selection. As a result, the LED array module
can be fully customized according to the user application. This is the main novelty
of this UVC virus inactivation test platform. Moreover, this platform is aiming to be
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Figure 2.1: System diagram of UVC Virus Inactivation system

operated by nonelectrical background personnel. The control module user interface
(UI) design is also important as another novelty. Figure 2.2 shows the final demo
image.

2.1.3 Requirements

This part will show a detailed method to design a suitable control module for the
UVC virus inactivation platform. The driver module should meet the following
requirements:

Safe and reliable

UVC light is dangerous for human eyes and skin, so the driver module should
ensure the UVC LEDs are in the right state. A hardware kill switch should be
designed to turn off the UVC LED at any time. This is also important for the virus
inactivation experiment that the virus is not exposed to unintended UVC light.

Precise

The UVC turned on time and power should be controlled precisely. In the virus
inactivation test, UVC dose is the most important input variable which requires
precise control. This is controlled by illumination time and UVC power. According
to the system design requirements, the LED time control accuracy should be 1ms,
and power accuracy should be 100 steps.
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Figure 2.2: The real system overview image. Driver module is the left part with input
keypad and output screen. The UVC LED array (right part) is connected to the
driver module via FFC cables

User-friendly and flexible

This virus inactivation system is designed for non-electronic background users. So,
it should be equipped with UI that requires no programming. Different commercial
UVC LEDs have different electrical parameters. Most common UVC LEDs have the
following operation currents: 30mA, 150mA, and 200mA. As a result, the driver
module should have a flexible output ability that can match different kinds of UVC
LEDs, including but not limited to currents listed above.

2.2 materials and methods

2.2.1 Hardware design process

The whole driver module is designed on a stackable PCB. The module has 5 sub-
sections that respond to different tasks. The base PCB rendering image is shown in
Figure 2.3. The sub-sections are marked in red boxes. Section 1, 3-5 is located on
the base PCB.
The function of each sub-section is listed in Table 2.1.
Upper layer of the driver module is MCU. Arduino DUE is used in this system. The
connection socket on the base PCB is also compatible with Arduino mega 2560. All
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Figure 2.3: Driver module base PCB, with different sub-sections marked

Sub-section number Function
1 Power supply
2 MCU
3 Communication ports
4 UVC LED controllers
5 Output ports

Table 2.1: Function table of driver module base PCB sub-sections

five sub-sections will be introduced in detail.

Power supply

To power all the sub-sections on the driver module, a suitable power supply is
required. And different chips installed need different power supplies. So on the
power supply section, 2 different output voltage is designed, which is 5V and 3.3V.

Figure 2.4 shows the power supply on the assembled base PCB, two LM2596 step-
down power regulators with different output voltage chip is used here, which can
drive a 3-A load with excellent line and load regulation. The input voltage can vary
from 9 V to 12 V. In this case, an adapter higher than 30 A is recommended to power
the driver module and UVC LED array.

MCU

The MCU is the upper layer of the driver module, which stack over the MCU sub-
section on the base PCB. Shown in the Figure 2.5 bottom part. Arduino DUE (Fig-
ure 2.5 top) is a powerful MCU. It is based on an ARM 32-bit microcontroller with
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(a)

(b)

Figure 2.4: (a)The schematic of power supply design. (b)Power supply sub-section PCB
image. The red arrow at the left side is the main power input port support
9-12V

an 84 MHz clock speed. Different from using a single microcontroller chip, Ar-
duino developing board is fully equipped with all kinds of circuit protection that
can make sure the microcontroller works properly. With this stackable strategy, the
MCU can be isolated from the base PCB. As a result, the possible jitter caused by
the switching of high power UVC LED will not affect the MCU operation.

This stackable PCB design also makes offline programming possible. Multiple
MCUs can be programmed in advance and installed onto the base PCB when
needed. In case anything goes wrong with the MCU, reinstall a new one can bring
the system back to work again. The MCU socket on the base PCB is also compatible
with Arduino MEGA 2560, a low-end, low-price MCU that can be used when the
control logic is simple. This feature can make the system fulfill different applica-
tions easily.

Communication ports

The driver module can connect various peripheral devices such as keypad, liquid
crystal screen, cooling fan, external sensors, etc. So, a dedicated communication
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(a)

(b)

Figure 2.5: (a)A standard Arduino DUE. (b)Arduino DUE (MCU) stack over the base PCB
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Figure 2.6: Communication port sub-section pin layout. The function of each pin group is
marked beside the pins.

Port name Port type Compatible devices
General IIC IIC* General devices using IIC protocol
Screen IIC IIC Liquid crystal screen using IIC protocol

High power controller PWM High power device using PWM control signal
Sensor IIC+ADC** Sensors using IIC protocol and analog readout

Matrix keypad IO*** Accept 4x4 matrix scanning keypad

*IIC is the abbreviation of Inter-integrated circuit communication protocol
**The resolution of ADC is 12 bit
***Do not connect other devices to this port except 4x4 matrix keypad

Table 2.2: Communication port function table

port sub-section is designed to connect all these external devices. The layout of the
communication ports is shown in Figure 2.6.
The compatible external devices for each port are listed in Table 2.2.
All communication ports are connected to the MCU via the MCU socket. The MCU
will process all the input and output signals.

LED controllers

To control all 24 UVC LEDs according to the program stored in the MCU, LED con-
stant current controllers are required. The circuit schematic for a constant current
source (CCS) is shown atFigure 2.7 top.

All LED devices, including UVC LEDs, are current-driven devices. It means the
standard electrical operation point of a LED is a certain current value rather than
voltage. So, it requires current feedback to make sure the current flow through
the LED is correct. From the internal control logic diagram Figure 2.7 bottom, the
LED cathode’s current flow will go through an internal NMOS and some external
feedback resistors. The internal reference voltage is 0.2 V. So, the output current
can be calculated using the following Equation 2.2

Iout =
VREF

RFB
(2.2)

Using the equation, the feedback resistor for the required current can be easily cal-
culated, see Table 2.3. However, the UVC LED layout can be different between each
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(a) (b)

Figure 2.7: (a)Schematic of the constant current driver of each LED. The LED is connected
between LED+ and LED- port. (b)Internal control logic of the constant current
source.

Required current 200 mA 150 mA 30 mA
Feedback resistor 1 Ω 1.33 Ω 6.66 Ω
Jumper selection AB BC None

Table 2.3: Required feedback resistor for certain current

UVC LED array. As a result, every current source should be able to fit all the current
mentioned in Table 2.3. Then a jumper is designed to select the required current.
The jumper position is marked in Figure 2.7 top, FBA, FBB, and FBC. By connecting
different jumpers, different feedback resistance can be selected and get the required
current. The jumper connection point for each current is listed in Table 2.3.

Apart from the constant current source, 24 individual control signals are also needed
to control every CCS at pin 1. (See Figure 2.7 EN/PWM pin). Then, two PCA9685

chips are used. PCA9685 is a 16 channel PWM generator produced by NXP using
the IIC communication protocol. It can produce 16 individual PWM signals at duty
cycles from 0 to 100% with 12-bit high resolution (4096 steps). This high resolution
can make sure the UVC light power is accurate. Figure 2.8 Shows part of the com-
ponents layout on base PCB. It includes one PCA9685 and 16 CCS controlled by it.

Since UVC LED requires a higher voltage, normally around 5V, to reach desired
operation current than normal visible light LED. Because there is a 0.8 V internal
voltage drop on the CCS and feedback resistors, the 5 V power supply can’t drive
UVC LED. The anode of the UVC LED is directly connected to input power (9 V to
12 V). By doing this, assuming using a 9 V supply, the real voltage drop on the CCS
will be around 4 V, and the current that goes through CCS is the same as that go
through UVC LED. Thus according to current heating theory, there will be a large
amount of heat dissipate on the CCS. So, appropriate heat sinks should be installed
on the CCS to avoid overheat and unstable.
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Figure 2.8: Components layout on base BCP, names for each part is marked on the left side

Output ports

Each LED needs 2 wires, cathode, and anode, to power up. Also, there are a total of
6 temperature sensors installed in each group of UVC LED. So, at least 55 wires are
required to connect UVC LED array to the driver module. If using normal cables,
55 cables will occupy a lot of space and make the system bulky to use. In this cir-
cumstance, Flat flex cable (FFC) is adopted, shown in Figure 2.9 left. FFC is a kind of
flat cable that can custom the core numbers, pitch, and core width. Unlike normal
wires, FFC can move, bend and twist million times without damage. Moreover, it
can save 70% more space than using normal wires[40]. In this case, 3 FFC cables
are used. Two of them are 22 cores FFC, which is used to power UVC LED, another
one is 8 cores FFC to connect temperature sensors. The socket layout is shown in
Figure 2.9 right. The FFC core pitch is 1 mm.

2.2.2 Final assembling

The reflow technic is used for the final assembling. The reflow profile is shown in
Figure 2.10.
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Figure 2.9: Left: FFC cables. Right: FFC output port on base PCB

Figure 2.10: The reflow technic is used for the final assembling
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(a) (b)

Figure 2.11: (a)Spice OP simulation result showing the UVC LED operation voltage.
(b)Forward Current vs. Forward Voltage from datasheet.

2.2.3 CCS thermal simulation

The acceptable power input voltage of the system is from 9 V to 12 V. However,
according to the UVC LED datasheet IV curve and OP simulation using the LED
model in Figure 2.11, the LED’s operation voltage at 200 mA current is 6.4 V when
the supply voltage is 12 V. That means the constant current source will take the rest
of the voltage and dissipate it in the form of heat. The power of heat dissipation on
CSS is equivalent to its electrical power, which can be calculated with Equation 2.3.

P = UI (2.3)

In the equation, P is the heat dissipated on the CCS, U is the voltage added on the
CCS, and I is the current go through. The maximum dissipation power is 1.12 W
using 12 V input. Refereeing to datasheet of the CCS, the maximum junction tem-
perature it can tolerate is 150 °C. The junction temperature of CCS will become
critical in these circumstances[41]. An over-high junction temperature will cause
irreversible damage to the chip. Suitable cooling methods need to be adopted. A
thermal simulation will be performed to look for a suitable cooling solution and
ensure the junction temperature not exceeding the tolerance value.
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(a) (b)

Figure 2.12: (a)Footprint of SOT-89-5 package, the middle foot is the Vdd pin as well as the
thermal pad. (b)Internal structure of a SOT chip.

CCS without heat sink

The heat transfer in the solids model Equation 2.4is applied in this situation to
simulate the junction temperature.

ρCpu ·OT +O · q = Q + Qted
q = −kOT

(2.4)

In the equation, ρ is density, Cp is heat capacity, and k is the thermal conductivity
of the matter.

The package of CCS is SOT-89-5, whose footprint is shown in Figure 2.12a. There
are 5 pins as different functions. The middle one is the Vdd pin and serves as the
thermal pad. The CCS die is bond to this pad internally shown in Figure 2.12b.
So, the interconnect wire on PCB will also serve as a backside heat sink.In the sim-
ulation, one classic SOT-89-5 chip model is created using COMSOL 5.4 shown in
Figure 2.13a. This chip is surface mounted on an SMD pad to a PCB. Wires connec-
tions are connected to the middle thermal pad. Figure 2.13b is a cutaway diagram
of this model. Inside the molding resin, the chip die is bound to the lead frame.
The materials properties for a different part in the model used in the simulation are
listed in Table 2.4.

The simulation’s conditions are as following: Initial condition: All parts at tempera-
ture 21 °C; Boundary condition: Convective heat flux exists at all boundaries shown
in Equation 2.5.

q0 = h · (Text − T) (2.5)

In the equation, the external room temperature is set to 21°C, the heat transfer coef-
ficient is set to 50 W/(m2 · K); The die inside molding resin is set as a heat source,
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Part name Material
Thermal conductivity

W/(m · K)
Heat capacity

J/(kg · K)
Density
kg/m3

Foot pin
Lead frame

Copper 400 385 8960

PCB wire Copper 400 385 8960

PCB FR4 0.3 1369 1900

Molding resin Plastic 0.2 900 2700

Die Silicon 130 700 2329

Heat sink Aluminum 130 700 2329

Table 2.4: Materials properties for structures used in COMSOL model

the dissipation power is 1.2W constant.

(a) (b)

Figure 2.13: (a)COMSOL modle of simulated SOT chip, (b)Cutaway diagram of the SOT
chip

Run the simulation and get the result shown in Figure 2.14. The junction temper-
ature is 133°C, which is slightly below the maximum temperature. More margin
should be reserved. Also, it can be observed in the result, a part of the heat is
dissipated through the thermal pad and PCB wire, and the other is accumulated in
the molding resin. Thus, install a heat sink on the upper surface of the chip can
improve the cooling effect.
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(a) (b)

Figure 2.14: COMSOL thermal simulation result of SOT-89-5 package without a heat sink
operating at 1.2 W power.

CCS with heat sink

Based on the previous simulation, keep the simulation condition and model un-
changed, add a heat sink on top of the package. The material of the heat sink is
also aluminum, the most common material for a heat sink.

Figure 2.15: COMSOL thermal simulation result of SOT-89-5 package with a heat sink op-
erating at 1.2 W power

The simulation result is shown in Figure 2.15. After adding the heat sink, junction
temperature becomes 125 °C, almost 10 degrees lower than no heat sink added. The
heat accumulated in molding resin dissipated through heat sink.
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Figure 2.16: Left: Startup screen; Right: Main menu, the lock sign at right of the screen
means the kill switch is open, LEDs will not glow

Figure 2.17: Left: Test run screen, press B can make the cursor show; Right: Set LED 15 to
1000/4096 full power

Result

In conclusion, to cooling the chip, using wider PCB wires and adding heat sinks
are both useful. In this application, these two methods are all needed to keep the
junction temperature of CCS as low as possible.

2.2.4 Software design and test

Test run

When the power supply is connected, the system will start up automatically. The
screen will show the startup screen as Figure 2.16 left. After 2 seconds, then the
main menu will show up in Figure 2.16 right. Use key 1-4 to choose functions. Here,
choose function 4 (Test run) by pressing key 4. The screen will show Figure 2.17 left.
Press A or B key can choose the cursor. You can change the LED number and power
by type in the numbers using the number keys, press * key to delete the last digit.
LED numbers can be 1-24, and power can be 0-4096. For example, Figure 2.17 right
means setting LED 15 to 1000/4096 of full power. Power=0 means turn off the LED,
and power = 4096 is fully on. The number between them means dimming the light.
LED num = 0 means to change all the LEDs together. T1 T6 means the temperature
of each LED group.

When the test profile is set, press C to run the test, the corresponding LED will be
turned on according to the set power.
Do not look directly at the LED array when it is turned on. Most output is not
in the visible wavelength region, so that no significant visible light will be seen,
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Figure 2.18: Left screen is experiment setup; Right screen is setting LED1 to be 50% power
and 1 minute time

except slight blue or white light. The UVC LED operation visible light image during
operation is in appendix A.

The LEDs will keep turned on until pressing D to back to the main menu.

Experimental profile setup

The system can automatically control the LED array with pre-set duration and out-
put power.

In the main menu, press 2 to enter LED program mode, shown in Figure 2.18 left.
Press A and B to move the cursor pointing to the timing unit to adjust. Type in the
number by pressing number keys and use * to delete the last digit. Use C to save
the current test profile. All 24 LED profiles must be set and save before run. For
example, LED 1 at 50% of full power and turn on for 1 min (Figure 2.18 right) and
press C. After all LEDs are set, press D to exit to the main menu.

Run program

In the main menu, press 1 and enter Program running mode shown in Figure 2.19

left. All parameters, including power and remaining time, are shown. Press C to
change viewing groups. The group number is shown at the upper right.

Press A to start the program, the clock at the top of the screen shows the total
running time, and the remaining time below LED number will be counting down,
shown in Figure 2.19 right. Press A again to pause the program. The counting down
will stop, and LEDs will turn off. Press B to reset the experiment to the beginning
state.

Press D to exit to the main menu. Don’t forget to press down the kill switch.
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Figure 2.19: Left screen is entering experiment running mode; Right screen is starting the
experiment for 17 seconds.

Figure 2.20: Spectrum of all 8 tested LED

2.3 measurement
Totally 2 individual UVC virus inactivation test platforms are assembled at last.
They were sent to Signify to perform a test. Totally 8 individual UVC LEDs have
been tested. The test result will be shown in this part, and analysis will also be
made.

2.3.1 UVC LED spectrum and radiant power measurement

Spectrum

After measurement from Signify, the measured spectrum of all 8 LEDs is obtained
in Figure 2.20. The Y-axis is radiant power, and all the data is shown was tested
when LED is on maximum power.

Radiant power & peak wavelength

Different operation current will affect the emitted wavelength of UVC LED, and the
output light radiant power will not be linear with the input electrical power. This
test is to measure the wavelength shift and radiant power under different power
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output.

The integrated radiant power will give the information of the total optical power
output of the LED. The efficiency has a direct relationship with peak wavelength.
The radiant power and peak wavelength of all conditions are listed in Table 2.5:

Array Num
LED Num*

Wavelength
(nm)

Dimming
Radiant power

(W/m2)
Peak wavelength

(nm)
Average

wavelength (nm)
Standard
deviation

Arr. 1

No.1
255

1000 0.0313 260.3878

260.3388 0.043025

2000 0.0614 260.3075

3000 0.0910 260.3617

4096 0.1230 260.2982

Arr. 1

No.5
265

1000 0.3957 268.8805

269.0218 0.119938

2000 0.7715 268.9716

3000 1.1247 269.0832

4096 1.4851 269.1518

Arr. 1

No.10

285

1000 0.2327 284.3876

284.717 0.364308

2000 0.4449 284.4226

3000 0.6349 284.9643

4096 0.8314 285.0936

Arr. 2

No.1
255

1000 0.0298 259.8637

260.1441 0.189323

2000 0.0590 260.2075

3000 0.0879 260.2267

4096 0.1190 260.2785

Arr. 2

No.2
278

1000 0.3433 279.0116

279.1403 0.140603

2000 0.6787 279.0797

3000 0.9980 279.1322

4096 1.3330 279.3378

Arr. 2

No.5
278

1000 0.3431 275.0874

275.1643 0.097371

2000 0.6783 275.2739

3000 1.0053 275.0773

4096 1.3565 275.2186

Arr. 2

No.6
285

1000 0.2795 286.2777

286.4168 0.112517

2000 0.5488 286.3887

3000 0.8059 286.4563

4096 1.0763 286.5444

Arr. 2

No.9
285

1000 0.1676 285.0785

285.2055 0.087233

2000 0.3288 285.2398

3000 0.4778 285.2268

4096 0.6394 285.2767

*The configuration of the driver current and LED wavelength is attached in appendix A.

Table 2.5: Radiant power and peak wavelength by change the input power

2.3.2 Result analysis

Peak wavelength stability

For each LED, the peak wavelength must be stable during operation.
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Temperature change and current change should not affect the emitted wavelength.
Calculate the standard deviation of these LEDs, which is listed in the table above.
It is easy to find that the standard deviations of all the LEDs are relatively small see
Figure 2.21a. The highest number is from one of 285 nm LED, where the worst de-
viation is 0.27 nm. All the LEDs show good stability under input current variation.

(a) (b)

Figure 2.21: (a)Standard deviation. (b)Peak wavelength error of all tested LEDs.

Peak wavelength error

Peak wavelength is one of the key variables that will affect virus inactivation effi-
ciency. The error of the peak wavelength is calculated in Figure 2.21b.

According to the data from Figure 2.21a, the error of 255 nm LED is highest, about
5nm longer than the data from the datasheet. Moreover, many LEDs have a pos-
itive error compared to datasheets, meaning the actual wavelength is longer than
the rated. All the errors are controlled below 2%, which meets the requirements.

Linearity

To control the output light power, the optical output should be linear according to
the input current. Plot the radiance according to the input current (Fig2.21b) can
measure the linearity.

According to Figure 2.22, all the tested LED has good linearity. The radiant power is
not the same for the same type of LED. Because during the testing, the LED aligned
to the detector manually, slightly tilting or moving can cause tested radiant power
lost due to uniform distribution of LED waveform.
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Figure 2.22: Radiant power according to input power change

2.4 result

After finishing measurement at Signify, UVC virus inactivation test platform was sent
to Erasmus MC to perform the virus inactivation test shown in Figure 2.23. The UVC
LED array was placed inside the fume hood to run the inactivation test, connecting
to the control module outside the fume hood. The inactivation protocol and system
status can be set and monitored via the keypad and LCD screen.

The targeted testing virus is Influenza. According to DOE, the different combina-
tion of wavelengths and doses was chosen to test the virus inactivation efficiency.
Figure 2.24a is the inactivation result. The solution in the small wells can test the
existence of the active virus. Active virus concentration below a certain threshold
value can be considered as not existing. Figure 2.24b shows the indication of the
active virus, red dot meaning virus is inactivated. Meanwhile, no dot means the
virus is still active. Each row in Figure 2.24a means one virus test. The lower well is
10 times diluted of the upper well. Using this method, the concentration of active
virus can be determined. From left to right in the virus test well plate, the same
inactivation wavelength combination is used with UV dose from low to high. It is
obvious to see that the virus inactivation efficiency is rising along with the dose.
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Figure 2.23: Virus inactivation test experiment setup.

(a)

(b)

Figure 2.24: (a)Virus inactivation test result. (b)Legend of wells.

2.5 conclusion
After design and measurement, the UVC virus inactivation test platform was success-
fully finished virus activation test in a real application. This platform currently
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becomes a genetic research tool for another project related to virus inactivation
mechanism research. The design of the driver module of this platform fulfilled all
the requirements. The design methodology of combining indication LED drivers
with single high-power CCSs is proven as feasible to drive high-power LED arrays.
Moreover, adding redundancy test points and communication ports is another key
design rule to make sure the driver system is expandable. Regarding the connection
between LED array (matrix) and driver module, FFC is a good choice comparing to
conventional cables with a higher power limit and flexible size. Last but not least,
a hardware switch is important for all driving systems to shut down the system in
an emergency to prevent any damage when software stops.

2.5.1 Future developments

Apart from all the advantages of design methodology currently discussed, some
improvements should be made in further designs.

Customized pattern

In the objective of this thesis work, customized patterns is a key feature of the ad-
vanced optoelectronic driver system. In future work, the array driver capability
should upgrade to matrix control capability to display customized patterns.

Higher light intensity

Some biomedical application requires even higher light intensity. Future work
should have either a higher operation current limit or denser matrix drive capa-
bility to reach this goal.

Better UI

Currently, the UI is designed together with the driver module. In the future, the
driver system will become wearable or implantable. So the UI should be separated
from the driver module and be easier to operate. For example, design a UI on
PC and communicate wirelessly with the driver module forming a complete driver
system.





3 I N T E R A C T I V E O P TO - E L E C T R O N I C S
S Y S T E M

3.1 introduction
In this chapter, step two of researching the design methodology of advanced opto-
electronics driver system for biomedical application will be introduced. Interactive
Optoelectronics System includes a pre-designed 16× 16 ultra-high power LED matrix,
which needs to be driven. The operation current of LEDs used in the matrix is 1 A.
The driver can reach a 125 Hz refresh rate and total latency less than 60 ms.

3.1.1 Background

Optogenetics theory

Optogenetics represents a biological technology that includes the use of light to
control cells that have been genetically modified to express ion channels[42, 43].
Optogenetics is a cell-level modulation method that combines optoelectronics and
genetics to control cells’ activity in living tissue, including freely-moving animals.

Early in the 1990s, light has been discovered to activate ion flow in bacterio-rhodopsin
yeast[44]. Since 2002, after the first genetically targeted method to excite rhodopsin-
sensitized neurons[45], the optogenetics technique is mainly used to control neu-
rons.

In later years, optogenetics was applied on cardiomyocytes to terminate arrhyth-
mias, which could lead to atrial fibrillation (AF)[46]. Recent research shows that
whole heart arrhythmia, including ventricular arrhythmias, can be terminated by
local epicardial illumination[47]. Using a customized stimulation pattern based on
arrhythmias mechanisms can lower the defibrillation illumination energy[48]. This
method has the potential ability becoming an alternative to painful electric car-
dioversion treatment.

In this project, a genetically modified epicardial cell monolayer with the Chireff
gene needs to be tested. The basic theory of this project is shown in Figure 3.1.
First, prepare an epicardial cell monolayer (a). Then introduce the Chireff gene,
which sensitive to blue (460 nm) light, into the cells, and the cells will express new
light-sensitive ion channels (b). When exposed to blue light, the light-sensitive ion
channels will open (c). Then ions can flow through the channels create a membrane

33
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Figure 3.1: Optogenetics theory of tested epicardial cell mono layer

voltage difference that polarizes the cell and defibrillate the AF (d).

Existing result

To successfully excite the ion channels in the optogenetic modified cells, the light
intensity needs to reach a certain threshold value. The illumination pattern also
should update in real-time to adapt to different arrhythmias models. There are al-
ready AI algorithms that can provide optimized defibrillation patterns.

To meet the intensity and customized pattern requirements, the current experiment
system uses a mono color high power DLP projector to reach the required light in-
tensity and display patterns[48]. However, though a DLP projector can meet the
requirements, it needs a high-power light source and complex optics system to re-
alize the function. The current system’s size is too large to be considered a possible
solution in future in-vivo research.

High power LED matrix is one of the most feasible solutions to excited the opto-
genetics cell layers. However, the current commercially available LED matrix is
mainly for display purposes, whose light intensity is much smaller than what is
needed for exciting the cells. So, a high-power LED matrix for optogenetics appli-
cation is designed using high-power mini LED. This LED matrix needs a suitable
driver to operate it. Yet, there is no existing driver system that compatible with
such LED matrix. Thus, an advanced LED driver system needs to be designed for
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this biomedical application.

3.1.2 Objective

An advanced LED matrix driver system will be designed in this project to drive a
16× 16 high power matrix. The driver system should meet the latency requirement
and output requirements. A PC user interface also will be designed to process image
data and user input. Suitable matrix drive topology and communication protocol
need to be designed first. All the parameters should be measured before the system
is applied to biomedical applications.

3.1.3 Requirements

Communication requirements

A general communication protocol should be defined to exchange the pattern data
between systems, like PC controlling software, AI software, and the driver module.
This protocol needs to be expandable to suit different matrix sizes.

The data format should be a N × M matrix with 8-bit (0-255 level) grayscale ele-
ments. N and M refer to the LED matrix dimension, N being the width pixel and M
being the height pixel. This can be modified to match different sizes of the matrix,
ensuring compatibility of the system.

Latency requirement

Input image refresh time should be shorter than 60ms. This means the maximum
time from system receiving a new frame to this frame displayed on the matrix is
60 ms. The total time includes these parts:

• PC RAM access (Reading result from AI)

• PC-Driver communication

• Driver process and register configure

• LED matrix response

Moreover, the communication should have flow control to avoid package loss and
incomplete data.
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Output requirement

The LED array’s radiant power should be higher than 30mW/cm2. To fulfill this
requirement, high-power LEDs were adopted in this case. The matrix uses LXZ1-
PB01 as single pixels. The operation current for each LED is 1A. As a result, the
matrix driver should have matched output capacity to drive the matrix.

Apart from the output capacity, the driver should have output linearity better than
5% to ensure the accuracy of the experiments. Together with output stability during
the experiments. Each experiment takes at least 30 min according to the biomedical
protocol.

3.2 method and materials

3.2.1 Matrix driver topology discussion

To drive the high power LED matrix, a suitable driving strategy needs to be defined
before starting the designing process. After searching through the literature[49],
three possible solutions are being considered. In this section, these methods will be
evaluated. The matrix size is assumed as M(Column)× N(Row), and the radiant
power of each LED is R.

(a) Individual CCS control (b) Row-column scanning (c) Zone scanning control

Figure 3.2: LED matrix driver with different topology

Individual control

This method assigns each LED an individual CCS and a switch. The control topol-
ogy is shown in Figure 3.2a. Using this topology, the number of signal wire and
CCS is M× N, and radiant power is M× N × R. This topology’s advantage is that
the refresh rate can be infinite high because no scanning is used to drive this matrix.
However, it uses N times more CCSs and signal ports, which cost a lot of space and
price. Moreover, it is also challenging to find such controllers with M× N GPIOs.
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Row-column scanning

A scanning technology is to display a pattern in rows by switching the active row
fast enough, faster than human eye visual persistence interval, then this pattern
can be seen by eyes[50]. This topology in Figure 3.2b requires M CCSs and M + N
signal wires. Compare to individual control, the needed CCSs and GPIOs are much
less. But the refresh speed is limited by the speed of the controller. The desired
refresh speed is as high as possible. Moreover, because of scanning, there will be
only one row of LED is turned on at each moment, cause the total radiant power to
become M× R, N times less than individual control topology.

Multiple zone control

To reach higher refresh speed and radiant power, separate a large matrix into
zones will help. Using this topology, a row-column scan matrix is divided into
X(Column) × Y(Row) zones shown in Figure 3.2c, requiring M × Y CCSs and
M × Y + N × X signal wires. The optical radiant power is M × R × X, X times
higher than without zones together with X times higher refresh speed. This topol-
ogy combines the advantage of individual control and row-column scanning by
setting suitable zone numbers to reach a balance between performance and system
complexity.

Conclusion

In Table 3.1, specifications of three control topologies are listed. In this case, to de-
sign a smart driver for 16× 16 LED matrix, the simplest row-column driver topol-
ogy is chosen. Because the matrix size is relatively small compared to displays
with thousands of rows. Moreover, the size of CCS that can drive chosen LED is
1cm× 1cm. This topology can save the system size and complexity.

Individual control Row-column scanning Multiple zone control
No. of CCSs M× N M M×Y

No. of signal wires M× N M + N M×Y + N × X
Total radiant power* M× N × R M× R M× R× X
System complexity High Low Medium

*The driver heat dissipation and electrical power are proportional to radiant power.

Table 3.1: Comparison between different driver topology

3.2.2 Communication method discussion

According to the project requirement, the latency of the system should be shorter
than 60ms. Thus communication time should strictly keep below 20ms to make



38 interactive opto-electronics system

sure the total latency under the limit. According to Equation 3.1, the communica-
tion speed should at least be 12.8 KB/s. Apart from the latency requirement, each
experiment takes at least half an hour to finish. So, the system should be stable and
keep required speed at least 30 minutes.

16× 16× 1Byte× 50Hz = 12.8KB/s (3.1)

There are many ways to transmit data from the computer to the MCU controller. A
suitable communication method should be determined and adopted by this system.
Table 3.2 lists major communication methods and their properties.

Medium Name Standard Speed Complexity

Wired
Serial port RS232 Slow Simple

USB 2.0 Fast Complex

Wireless
Bluetooth 4.0 Medium Simple

Wi-Fi 802.11b/g Medium Medium

Table 3.2: Qualitative, speed and complexity comparing between different communication
methods.

Serial port is the most common port that transmits data between devices. The stan-
dard baud rate of the serial port is the divisor of 921600. In practical use, 115200

(921600/8) is the fastest baud rate recommended by IEEE[51]. It means there are
115200 voltage level changes in one second, as known as 115 200 bit/s . To transmit
a byte data, 10 bits need to be used for 1 start bit, 8 data bits, and 1 stop bit. So the
real maximum speed of the serial port is 115200/10 = 11.520KB/s.

USB 2.0 can reach a much higher speed than the serial port, up to 20 MB/s. How-
ever, it needs complex driver both on PC and MCU, which is difficult to develop
and takes a lot of time to write driver programs.

Bluetooth is a widely used wireless communication method, whose communication
speed is up to 3 MB/s within 0.5m distance in the air. However, due to its low en-
ergy feature, any obstacles between receiver and transmitter will cause connection
loss or unstable link[52].

Same as Bluetooth, Wi-Fi is also wireless connection using 2.4GHz baud with a
higher power. 802.11b/g can have a stable link within 10m distance in the air. More-
over, Wi-Fi has local area network access [52]. Thus, all the standard communication
protocols such as TCP/IP can be used to ensure communication correctness.

Serial port cannot reach the speed requirement of the system, see Equation 3.1. A
wired connection like USB requires a complex driver, which difficult to develop.
According to the previous discussion, Wi-Fi is chosen to be the communication
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method between PC and control module because it can provide wireless connection
and enough speed with a mature communication protocol.

3.2.3 System design

After confirming the driver topology and communication method, the next step is
system design. Because of the existence of output capacitors and input capacitors
of PWM generator output and CCS input pin, there will be charge and discharge
time. This time causes a nonequal delay which will change the real output duty
cycle. According to the datasheet of these two chips, the total capacitance is 15pF
and the output resistor is 1KΩ. An equivalent model was built in LTSpice to simu-
late the charge and discharge of the capacitors, the result is shown in Figure 3.3. In
this case, the PWM frequency is set to 100 kHz (10 µs per cycle) and sweep the duty
cycle from 1% to 10% (0.1µs to 1µs).

Figure 3.3: Simulation of input output capactor charge procedure in low duty cycle

From the simulation result, at duty cycle 1% (0.1 µs), the output time is 0.12 µs, cause
a 20% error. When the duty cycle is 10%, the error decrease to 8%. To ensure good
output linearity, especially at low PWM duty cycle, two identical CCS arrays except
for the current limits are used, one having one-tenth of maximum current than
another. Thus the driver has two output ranges, the LED matrix should connect to
the low range when the duty cycle is below 10%. Using this method, the error at
low output power will be reduced by ten times. Figure 3.4 is the system diagram,
which will be introduced in detail in the next section.
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Figure 3.4: System diagram of Interactive opto-electronics system

3.2.4 Hardware design

In this section, design of the driver PCB will be introduced. Figure 3.5 is the 3D
rendering image. Different function groups are marked on the image.

MCU

Almost all MCUs equipped with hardware IIC port can serve as the controller in
this Interactive Opto-electronics system. The connection between MCU and Wi-Fi
module is an essential part. Usually, a Wi-Fi module is connected to the MCU via
SPI port. However, unpredicted vibration or touch will cause a connection problem
of SPI, and PCB routing problem will also affect the SPI speed. As a result, the
ESP8266 module shown in Figure 3.6 is chosen to be the controller in the system.
ESP8266 has an internal Wi-Fi transceiver connected to MCU, which can be reached
easily by API programming. Moreover, the clock speed of ESP8266 is 160MHz which
is fast enough for this application. The connection method of Wi-Fi is flexible. MCU
can connect directly to a PC by direct Wi-Fi link or connect to a Wi-Fi router.
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Figure 3.5: PCB 3D rendering image of Interactive opto-electronics system

Figure 3.6: An ESP8266 micro controller

LED controller

Considering the scalability of the system, IIC based LED controllers are suitable
for this system. Because with 2 wires-SDA and SCL, multiple LED drivers can
be connected without any more wires. Below some possible chips are listed in
Table 3.3. To reach a higher refresh rate, the higher IIC speed is better. PWM light
intensity control will perform at column control (constant current dimming). Row
select chip does not require the PWM function. So, PCA9635 is chosen to be the
column control chip and PCA9671 to be the row selection chip. In Figure 3.5, chips
number 1 and 3 are column control chip PCA9635. Chip number 2 is row selection
chip PCA9671.

As the column control chip, PCA9635 generates PWM signal to control the CCS
array. Figure 3.7 is the footprint of this chip. A0 to A6 pin can define the chip
address, thus let the system choose high or low range. LED0 to LED15 are 16

output PWM signals connected to the CCS array. OE pin connected to a hardware
switch can cut off the PWM signal immediately.
Same as UVC virus inactivation test platform, a suitable CCS is also needed in this
system. The CCS maximum output current should higher than 1 A with PWM in-
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Model number PCA9555 PCA9635 PCA9671 PCA9685

Manufacture NXP NXP NXP NXP
Max IIC speed 400 kHz 1 MHz 1 MHz 1 MHz

PWM steps I/O * 256 I/O 4096

PWM frequency 0 97.6 kHz 0 24 Hz to 1526 Hz
Output channels 16 16 16 16

Available address 8 128 64 62

*This is an IO expansion chip, which doesn’t have an internal clock for PWM output.

Table 3.3: Available IIC LED drivers

Figure 3.7: Footprint of column control chip
PCA9635

Figure 3.8: CCS connection of Interactive
opto-electronics system

put function. STCS2 produced by STMicroelectronics with up to 2 A output current
is adopted.

The system has two output ranges: 0 A to 1 A and 0 mA to 100 mA. The current
limit is set by external feedback resistor RFB. For this current source, VREF is 0.1V.
Using Equation 2.2, RFB can be calculated as 1Ω and 0.1Ω to reach required output
currents. Connection of CCS is shown in Figure 3.8. Apart from PWM input, hard-
ware enables CSEN to be controlled by a switch to ensure the current source can
be disabled immediately by manual if the system is down and PWM chips have no
response.

Power supply

Different from UVC LED, the operation voltage of 470 nm LED in this system is
3.2 V, lower than 5 V of UVC LED. If still powering the LED with the 9 V to 12 V
input voltage, around 7 watts of heat will dissipate on the CCS, calculated with
Equation 2.3. According to the thermal simulation of CCS in chapter 2, the die of
CCS can’t tolerate this high power and will break. As a result, a high power step-
down power converter is needed to convert 9 V to 12 V input DC voltage to suitable
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driving voltage.

The driving voltage should slightly higher than the maximum LED operation volt-
age plus CCS voltage drop. Referring to the datasheet of PB01 and CCS, the LED
maximum forward voltage is 3.5 V, and CCS maximum voltage drop is 0.8 V. Thus,
the driving voltage should be slightly higher than 4.3 V. In this case, 4.8 V is chosen
to be the driving voltage, not heating the CCS and leave enough margin to drive
LED.

There are 16 LEDs in one row with 1 A maximum current, making the total cur-
rent requirement 16 A maximum. The step-down power convertor output capacity
should higher than 16 A to drive the entire matrix. After searching the commer-
cial product, there is no suitable external power supply with such output profile.
TPS543B20 manufactured by TI, which has a maximum output capacity of 24 A, is
applied in the system to build up an onboard step-down converter circuit. This chip
also has a power management function that enables monitoring the output voltage
stability.

The input power connection terminal is shown in theFigure 3.5 power input part.
There are three terminals with different functions. The top side one is directly con-
nected to the VLED. If the onboard step-down power convertor breaking down,
an external power supply could still maintain the system operation during the ex-
periment. On the lower side, the other two terminals are the 9 V to 12 V power
connected to onboard power convertor for different connectors. Commercial power
supplies with output from 9 V to 12 V are wildly available.

Scanning controller

Scanning control part includes row selection chip and PMOS array. Figure 3.9b is the
footprint of row selection chip. According to system diagram, the row selection is
realized by switching on and off the LED array’s anode. A simplified PMOS LED
control model is shown in Figure 3.9a, the gate of each PMOS is connected to the
output pin P00-P17 of row selection chip. By sending signals to turn on next PMOS
in the array and turn off current one, LEDs in the matrix can be turned on row by
row, thus realizing the scanning function.

Output terminal

Using the verified connection method in UVC Virus inactivation test platform, there
are three FFC output terminals on the driver, see Figure 3.5. Each terminal contain-
ing 16 internal wires which connect the driver to LED matrix. The middle one is the
shared LED positive output pin connected to the drain of row selection PMOS ar-
ray. The top and bottom terminals are high and low range CCS output. During the
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(a)
(b)

Figure 3.9: (a)PMOS LED control model. (b)Footprint of row selection chip PCA9671

experiments, switching the cathode wire between these two terminals can realize
range switching.

Enclosure

Figure 3.10: Interactive opto-electronics system control module

To further enhance the robustness of the system, all system parts, including driver
PCB and power supply will be installed inside a suitable enclosure, becoming a
Control Module. Only necessary connectors and switches are lead out. The functions
of them are marked in Figure 3.10. On left side of the control module is the main
220 V power input together with the main switch. Debug port can reprogram and
check system status through the serial port. External trigger port enables using
other signal generators to control the Interactive optoelectronic system. Hardware
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switches that control the onboard power converter, PWM generator, and CCSs are
on the lid.

3.2.5 Software design

After finishing hardware design, software is another essential part consists the com-
pleted system. To operating the system, two software are required. One is the MCU
software running on ESP8266 controlling the hardware. Another one is running on
the PC that processes the user input and patterns and then sends them to Control
Module.

MCU software design

Figure 3.11: Software design diagram of MCU

Figure 3.11 is a software diagram of the software running on ESP8266 MCU. This
software is divided into three parts, which are communication, RAM control, and
matrix control.

Before the software starts running, the Wi-Fi and IIC interface will be initialized.
The Control Module will connect to the PC automatically and configure the IIC pro-
tocol.

Communication and matrix control is controlled by a precise ticker generated by
system clock. Communication action is called every 50 ms to fetch new matrix
data from PC software. Assuming the Wi-Fi connection at 50 KB/s speed, it takes
(16× 16)/50K = 5.12ms to transfer the matrix. 50ms interval can make sure the
data is finished. Also, fulfill the latency requirement that system latency is below
60 ms with a 10ms margin. Another advantage is that lower down the frequency
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of Wi-Fi communication can save the system power. During a communication call,
the first thing is to confirm the last data in RAM is complete. Then send a ready
signal to PC representing the system is ready for the next matrix data. When the
data stream is coming, they are stored temporarily in a 16× 16Byte buffer B in the
RAM. If the buffer is full, it will be pushed to buffer A with the same size, waiting
for being retrieved by matrix control program.

Matrix control is called every 8 ms to realize a 125 hertz refresh rate. When called,
the column data of the next row will be read and write to column control chip via
IIC port. After column data finishing writing, a signal will send to row control chip
to turn on this row and turn off the last row. Repeating this action 16 times, the
whole matrix is refreshed for once.

PC software design

Figure 3.12: Software design diagram of PC

Figure 3.12 is the software diagram running on PC. The main task of PC software is
processing the user input and visualizing matrix data. Moreover, processing matrix
data before sending it to Control Module. Different tasks in PC software are running
with different threads. Thus no tickers are needed for them. Also, usually, a PC has
a powerful CPU running at GHz, the execution time of PC software can be ignored.

Pc software is programmed with Python language, which has become the most
common programming language enabling the PC software to merge into other pro-
grams easily. Also, Python has excellent compatibility with different operating sys-
tems such as Windows, Linux, and macOS.



3.2 method and materials 47

When receiving the ready signal from Driver Module, PC software will immediately
read matrix data from PC RAM and encode it into Byte form. Then send the en-
coded matrix to Driver Module through Wi-Fi. The matrix data stored in RAM and
Wi-Fi connection status will be displayed on UI real-time.

Figure 3.13: PC software UI showing TUDelft logo

Figure 3.13 is the UI of PC software. In the middle of the UI is the visualization of
matrix pattern. The layout of the matrix in UI is identical to the real LED matrix.
A rectangle in the UI matrix represents an LED. Empty box meaning the LED is
off. Otherwise, blue box means the LED is on. There is a list of widgets on the left
side, including 6 buttons and a slide bar. The first 2 buttons can turn on or off all
LEDs. The next two can modify the status of one specified LED. Any external mono
channel images with 16× 16 pixel can be imported into the software by pressing
the Import Image button. The matrix will keep off if Output Enable is off. Press the
button can switch the output enable status, red meaning false, blue meaning true.
Apart from that, this button is also an indicator of Wi-Fi status. If Wi-Fi is connected
with Control Module, the button text Output Enable will keep blinking from white to
black. The scroll bar at the bottom can adjust the global output radiant intensity
from 0 to 127, representing off to maximum power.

Any matrix modification operation made on the UI will immediately be processed
by the background image process thread. It will retrieve the current matrix data
from RAM and update it according to the user input and store it back to RAM. This
will make sure the communication thread using the up-to-date matrix data.
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3.2.6 System overview

Figure 3.14: Interactive opto-electronics system overview

After finishing the hardware and software design, a system overview including
all the system components are shown in Figure 3.14 with labels:

1 220V power socket

2 External trigger

3 Debug port

4 PC software UI displaying TUDelft logo

5 FFC cable connecting Control Module and LED matrix

6 LED matrix displaying TUDelft logo

7 Eye protection goggles

8 Control Module
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3.3 measurement
After the whole system finishing assembling, a series of measurements are per-
formed to test the system’s performance. Moreover, to check if the system meets
the design requirements.

3.3.1 Latency measurement

Measurement protocol

In this measurement, using PC software to generate a random 16*16, 0-255 matrix
and transmit this matrix to Control Module via Wi-Fi network. Control Module will
send a “Ready” signal to PC software first, then PC software will generate the ma-
trix and send it back as soon as it receives the “Ready” signal. The time used for PC
software to generate the matrix can be ignored compared to transmit time. Control
Module will record the time between it send the “Ready” signal and fully receive
the matrix data. Repeat this operation 1000 times and record all time values. Then,
keep the system running for 1 hour to check the stability by taking another 1000

time values after 1 hour.

To simulate the worst application condition, Control Module and PC are both con-
nected to a router placed 3 meters away from each other shown in Figure 3.15.

Figure 3.15: Experiment setup of latency measurement

Result analysis

Choose the first 1000 time points from the data set and list the latency in Fig-
ure 3.16a. Only 3 out of 1000 points are exceeding the 60ms latency requirement
limit. The average latency is 6.7 ms. Then choose 5 ms as a section and distribute
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all the data points into these sections as shown in Figure 3.16b. According to Fig-

(a) (b)

Figure 3.16: (a)The first 1000 data points from latency measurement. (b)Distribution of
system latency by section of 5ms.

ure 3.16, over 85% of transmission takes less than 8ms. In some infrequent situa-
tions, less than 0.1%, it takes more than 60 ms to transmit one matrix due to some
rare interference. The overall latency can still shorter than 60 ms.

After a 1-hour operation, another 1000 data points are recorded in Figure 3.17a.
There are no data points that exceed the 60 ms upper limit after 1-hour continuous
operation. The average latency is 4.8 ms. To see the distribution of time points, sort
the data points into 5 ms sections in Figure 3.17b.

(a) (b)

Figure 3.17: (a)1000 data points after 1 hour latency measurement. (b)Distribution of sys-
tem latency by section of 5ms.

The system keeps stable after a 1-hour stress test achieving the system requirements.
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3.3.2 Waveform measurement

Measurement protocol

After finishing the development of the system, waveform tests are performed to
specify the actual illumination power and system refresh speed. The total power
reduction can be derived by waveform test using the timing relations between each
line sweep. The output pin test points of PCA9635 are shown in Figure 3.18. Tests
are performed in the following steps using oscilloscope: 1) Test the singe pin output
waveform at point a. This test aims to test the single sweep time by measure the
pulse width of the sweep signal. The result can reflect the IIC communication speed
of the row control chip. 2) Test the waveform of pin a and b using two channels. By
measuring the time interval between the pulses, the sweep delay of two different
rows can be defined. This parameter can also represent the IIC communication time
of the column chip. 3) Test the waveform of pin a and c using two channels and
record the time from the pulse of pin a to the pulse of pin c. Then, total sweep time
can be measured.

Figure 3.18: Test point of row control (row) chip.Pin a and b is the output control signal of
the first and second row, pin c is the output for the last (16) row.

Figure 3.19 shows the control logic of the matrix sweep. First, prepare all the column
data of the first row and write it to the row control chip through IIC port, then turn
on the first row and wait for a concise time. Then turn off the first row and begin
to prepare the data for the second row, and light up the second row. After repeat
this logic 16 times, the whole matrix finishes one sweep loop. If this sweep action
is faster than 24 Hz, higher than human visual persistence, the matrix can display
patterns that the human eye can observe[50]. The sweep loop time in this system is
set to 8 ms (125 Hz) in this application.
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Figure 3.19: Flow chart of the matrix sweep logic. This loop repeats 16 times in 8ms.

Data analysis

Figure 3.20 is the waveform measured at test pin a in Figure 3.18, it represents
the gate voltage of row selection PMOS transistors. The source of the PMOS is
connected to the LED power source, which is 4.8 V. According to the technical spec-
ification of the PMOS transistor, the typical threshold voltage is -0.65 V, meaning
that the transistor will turn on when the gate voltage is 0.65 V lower than the source
voltage. In Figure 3.20 left, the time of each row selection is from turn-on point to
cut-off point. So, each row selection time is 162 µs. This time includes the program
delay, row selection signal transmission time, and gate capacitor discharge time.
From Figure 3.20 right, the interval of every sweep action is 8 ms, which is fixed by
the sweep loop ticker.

Figure 3.20: Waveform measured at test pin a in Figure 3.18. Left is the magnification
waveform of each row sweep action.

Using the sweep action interval and time for single row selection time, the total
power reduction coefficient can be calculated. At every sweep moment, only one
row of LED will turn on for 162 µs. So, in the whole scan loop, the total turn-on
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time is 162 µs times the total row number (16), equivalent to the full power of one
LED row, which means the final result should be divided by total row number to
get the true coefficient, which is 0.02 after calculation (2% of the full power of LED).
The maximum power of each LED chip is 3.5 W. So, the LED matrix maximum
power consumption is 3.5W × 256× 0.02 = 17.92W.

(a) (b)

Figure 3.21: (a)Waveform measured at pin a and b in Figure 3.18 with two channels.
(b)Waveform measured at pin a and c in Figure 3.18 with two channels.

Figure 3.21a is the waveform measured at pin a and b with two channels of the
oscilloscope. The yellow waveform is measured from pin a, and the green one is
measured from pin b. This figure shows the sweep action from the previous row
to next row. Point a shows row N is turned on and turn off at point b. Then from
point b to c is the preparation of column data of N+1 row and turn on the N+1 row
when column data is ready at point c. Time between a and b is 96 µs (program de-
lay + row signal transmission) and between a and c (program delay + 2×row signal
transmission + column signal transmission) is 452 µs. As a result, time for signal
transmission can be calculated. Row signal transmission time is 46 µs and column
signal transmission time is 310 µs.

Figure 3.21b shows the total sweep time by measure the time between the first row
and the last row. To prevent the flicker and unstable image, an interval is designed
between the end of each sweep loop and the start of next loop. So, the total sweep
time is 6.8 ms which still has 1.2 ms before the start of next tick.

3.3.3 Light intensity measurement

Measurement protocal

The tool to measure the light intensity is Thorlabs S142C optical power meter. Place
the measurement window against the center of the matrix shown in Figure 3.22a.
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Set the pattern as full-on and set the light intensity from low to high by changing
the number from 2 to 127 in UI, reading and recording the value on Thorlabs PM400
console, the whole measurement setup is shown in Figure 3.22b.

(a) (b)

Figure 3.22: (a)Thorlabs S142C placed on the center of the matrix. (b)The overall measure-
ment setup.

Repeat the measurement procedure both on low range output and high range out-
put.

Data analysis

The light intensity data is plotted in Figure 3.23. High range output and low range
output is plotted in the same figure.

Figure 3.23: Matrix intensity measurement result
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Shown in the figure, the high range output is no linear lower than 12 mW m−2,
where low range output can compensate this nonlinearity. The maximum output
intensity is 32 mW m−2. This is limited by the output capacity of the power supply.

3.4 results
A series of optogenetics experiments using epicardial cell monolayers was per-
formed in LUMC using the Interactive optoelectronic system. The system is installed
on the microscopy opto voltage mapping system shown in Figure 3.24.

Figure 3.24: Interactive opto-electronics system installed on opto mapping system at LUMC

The biological experiments include pacing the epicardial cell using single-pixel
flashing and AF termination test using global illumination and pattern illumina-
tion. The experiments show a single LED flash could pace the epicardial cell. AF
termination is also successfully using both global illumination and pattern illumi-
nation.

During the experiment, a fluorescent dye indicator is introduced into the cells to
indicate the membrane voltage. The membrane voltage of the epicardial cell can
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Figure 3.25: AF termination experiment result

represent the contraction activity. Figure 3.25 shows the result of the AF termina-
tion experiment. The cells are in the culture dish attached to the LED matrix. The
wall of the culture dish and LEDs can be seen in the raw image. To see the cell
activity better, a high pass filter (HPF) is applied to the raw image just to show
the moving part of the image. In Figure 3.25 a, the AF is occurring in the shape
of a spiral wave. Then the light pattern displayed in Figure 3.25 b, forming a line
from the center of the spiral to the broader of the layer. The spiral wave is disin-
tegration when touched by the light pattern in Figure 3.25 c, then disappears at last.

3.5 conclusion

The driver module designed for Interactive optoelectronics system successfully driven
the high-power LED matrix and fulfilled all the requirements. The biomedical ex-
periments performed with the system also have a nice result. This project proved
the design methodology for driving a high-power matrix system is feasible. Us-
ing the high power array driving method developed in UVC virus inactivation test
platform-Driver module as the column driver adding a row scanning driver managed
to drive this high power matrix.

The user interface on PC makes the operation much easier than onboard keypad
and screen. A more advanced operation like real-time drawing and image process-
ing can be performed with a PC interface. In the future, this PC interface could also



3.5 conclusion 57

act as an entry point for other projects to control the Interactive optoelectronics system.

Though the driver system reaches the required target, there are some new issues
that came up during the biomedical experiment. The light intensity is high enough
to excite cells. However, the pattern resolution is not enough, 16× 16 matrix res-
olution sometimes not enough to display some fine patterns. Moreover, the re-
fresh speed is not high enough. 125 Hz refresh speed is high enough for consumer
electronics displays but not for biomedical applications. The cells are occasionally
triggered by the LED flash caused by refresh scan, a higher refreshing speed can
effectively avoid this problem. These drawbacks should take into consideration in
future designs.

3.5.1 Future developments

A next-generation design of optoelectronics matrix driving system will be shown.
This design is aiming to drive a micro-LED matrix with much higher density. The
global illumination radiant will be kept almost the same. The driving system di-
agram is shown in Figure 3.26. The next-generation driving system will drive a
96 × 96 micro-LED matrix with over 300 Hz refreshing speed. Instead of MCU,
FPGA will become the controller in this design to handle much higher refresh speed
and image data conversion load. In the diagram, all the chips and connections are
marked.

3.5.2 Extend application

The design of high power LED matrix could also become a projector driver. The
LED matrix has a total power of over 20 W, whose power is equal to a portable
projector. If the micro-LED can reach a higher resolution to FHD (1920×1080),
adding optics systems, a mini projector can be assembled using this technology.
Because there is no reflection unit such as DMD (digital micromirror device) used
in this projector design, the efficiency will be much higher than current projectors.
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Figure 3.26: System diagram for next generation matrix driver.



4 S E L F - P O W E R E D D R I V E R S Y S T E M

4.1 introduction

After developing the driver system itself, the next step is to power the driver sys-
tem with the contactless or self-powering method. The ultimate goal of biomedical
electronics is wearable or in-vivo implantation. Thus a power wire is not feasible in
these circumstances. This chapter will first review existing technology, discuss its
pros and cons, and then choose the most suitable method to design a self-powered
advanced driver system.

4.1.1 Background

Apart from LED opto-stimulation moments, bio-electronics devices are in standby
mode most of the time. Only sensors are activating to monitor biomedical signals.
For example, the Interactive optoelectronics system will only flash the LED for less
than 0.1s to terminate AF when triggered, while the ECG sensor will continuously
monitor the heart condition. As a result, powering biomedical sensors is another
important feature of the driver system. At present, almost all biomedical sensors
are powered by external power supplies or batteries, bulky and need to charge or
change regularly[53]. The powering issue becomes a big obstacle between research
and the real application of implantable and wearable biomedical devices[54]. As a
result, developing a driver system that requires no external power supplies becomes
significant to push the further application of biomedical devices.

In response to this demand, all kinds of power generation technology have been
tried to collect energy from the environment surrounding human bodies shown in
Figure 4.1. This power generation technology includes solar cells[55], electromag-
netic generators[56], biofuel cells,[57] and thermoelectric generator[58]. In 2006,
Wang’s team came up with a nanogenerator (NG), which can collect low-frequency
mechanical energy and transfer it into electric energy[59]. Moreover, in recent years,
using the electromagnetic generator theory, wireless power transfer (WPT) technol-
ogy reaches a high system efficiency of 70% and a power rate of 80 W[60]. Using
one or a combination of these self-power technologies, there will be more options
for biomedical sensors’ energy supply method.

59
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Figure 4.1: Self-power driver system diagram

Moreover, besides powering up sensors, the power generator itself can become sen-
sors. The output power of the generator indicates the state of the medium used to
harvest power[61]. For example, a triboelectric nanogenerator (TENG) can act as a
movement sensor[62].

However, it is not enough for the driver system to only power up the sensors. It
also needs to make respond to the bio-activities, in this case, triggering the LED.
The actuators need more power to drive. An ECG sensor costs less than 10mA at a
maximum sampling rate[63], comparing to 1 A per LED. There are few reports that
evaluate the output availability of self-power generators.

4.1.2 Objective

After reviewing and understanding the theory of the self-power method, evaluate
the feasibility of designing a self-powered advanced driver system. Apart from driv-
ing the sensors, the drive system also needs to drive high-power LEDs, requiring
much more power than sensors. Though the self-power method has already proven
can drive biomedical low-power sensors, its ability to drive high-power optoelectri-
cal devices is still debatable.

4.2 theory of nanogenerator
Nanogenerator (NG) is an energy conversion technology that converts mechanical
or thermal energy produced by small-scale physical change into electrical energy.
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There are three typical NG types: piezoelectric (PE), triboelectric (TE), and ther-
moelectric generators. Both PENG and TENG can convert mechanical energy to
electricity. While thermoelectric generators can harvest energy from temperature
fluctuation[4, 64].

4.2.1 Piezoelectric nanogenerator

The piezoelectric effect was discovered by scientists for a long time. In recent years,
it has been widely used in the field of bio-electronic devices[65]. The piezoelectric
effect refers to the phenomenon that when an external force deforms a piezoelectric
material in a certain direction, the internal polarization occurs, and a piezoelectric
potential is generated. ZnO crystal is a classic piezoelectric material, Zn2+ and O2−

inside it stacked in regular octahedral structure along its c axis, shown in Figure 4.2a.
When there is no external force applied to the crystal, the center of positive charge
and negative charge are at the same position. If the external force is applied to any
crystal axis, the center of the charges will form an offset that causes a dipole mo-
ment. This dipole moment generates a potential difference along the axis naming
piezoelectric potential, illustrate in Figure 4.2b. Connect the piezoelectric material
into a load circuit along its axis, a current will form[66].

(a)

(b)

Figure 4.2: (a)Crystal structure of Zno. (b)Piezoelectric potential of ZnO when pressed.

Based on this theory, in 2006, Wang came up with PENG[59]. The early stage of
PENG chose brittle inorganic material, which not suitable for biomedical applica-
tion. New organic piezoelectric material like PVDF has been discovered with further
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research, pushing piezoelectric material towards flexible and thin-film. This enables
PENG a suitable technology for powering bio-electronics.

In 2010, Li et al. designed an implantable PENG, harvest energy from mice heart
beating[67]. This device’s output capacity is relatively low, with a peak voltage of
50 mV and a current of 500 pA. However, this work first proves the possibility of
PENG being an electrical power provider for in-vivo biomedical devices. Later in-
creasing researchers put forward new designs with better performance.

4.2.2 Triboelectric nanogenerator

In 2012, Fan et al. proposed a new nanogenerator structure using a combination
of the triboelectric effect and electrostatic induction effect[68]. After two different
materials rub against each other, one material will be positively charged due to the
difference in their ability to absorb electrons. In contrast, the other material will be
negatively charged. Meanwhile, induced charges are generated on the back elec-
trode placed on the materials. Like PENG, connecting the electrode to an external
load, a current will produce when the materials are moving. This kind of nanogen-
erator is called a triboelectric nanogenerator (TENG).

Charge Materials

Positive Air
Human hands
Glass
Wool
Nylon
Viscose
Cotton
Silk
Acetate
Polymethyl methacrylate
Polyester
Orlon
Polyethylene
Vinyl (PVC)
Silicon

Negative Teflon

Table 4.1: Triboelectric series of common materials

TENG can be formed by many kinds of materials. In principle, any two differ-
ent materials can form a TENG[69]. However, materials far away in triboelectric
series, which arrange the materials by the relative polarity of the contact charge
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acquisition ability, will have better efficiency[70]. Some common materials are
listed in Table 4.1[71, 72]. On the other hand, TENG can harvest low-frequency
mechanical power at high efficiency. Because human movements are mainly catego-
rized as low-frequency motion, TENG is especially suitable for biomedical energy
harvesting[73].

There are 4 basic modes of TENG. They are

• Vertical contact-separation mode

• Lateral sliding mode

• Single electrode mode

• Freestanding triboelectric-layer mode

. Which can be used in different applications.

Vertical contact-separation mode

Figure 4.3: Vertical contact-separation mode TENG operation principal

Two sheets of insulate material with an electrode at external surface connecting to
load. When the insulator is contacted, the charge transfer will begin, resulting in
one surface positive charged and another negative. Then the layers are separated
and induct the opposite charge on the electrode at the external surface, creating
a potential difference. Current will flow through the load to balance the potential
difference. Subsequently, the layers are pressed back again, and the triboelectric
generated potential difference will become zero, the current will flow back. If the
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layers move separately and re-contact in the cycle, an alternate current (AC) will be
generated continuously[68]. Figure 4.3 shows the operation cycle of this kind of
working mode.

Lateral sliding mode

Figure 4.4: Lateral sliding mode TENG operation principal

In this mode, the structure is almost the same as vertical contact-separation mode.
Unlike contact-separation, in lateral mode, the two insulating layers are making an
in-plane motion and will not separate. When the two layers are right above each
other, there will be no induction charge on the electrode at the backside. If the lay-
ers sliding apart, surfaces not in contact with each other will generate triboelectric
charge-induced potential at the back electrode. This can form a current through
external load until the plates are fully separated. Subsequently, when the layers
moving back, the triboelectric charge-induced potential begins decreasing to zero,
the current flowing back until the surface right to each other. Cycling this motion
will create an AC, shown in Figure 4.4. Moreover, the lateral sliding mode can op-
erate either in-plane moving or rotation[74, 75].

Single electrode mode

Single electrode mode is a more practical design with less structure. There is only
one electrode on the backside of one insulator comparing to both in vertical contact-
separation mode. This electrode is connected to ground via the external load. When
the two insulators separate, similar to vertical contact-separation mode, triboelectric
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Figure 4.5: Single electrode mode TENG operation principal

charge induced potential will charge the electrode. The current will flow through
the load to balance the potential from ground. Later, the layers move back to each
other, the potential comes to zero, and current flows back to ground[76]. Figure 4.5
shows the operation cycle of this mode, also creating an AC power.

Freestanding triboelectric-layer mode

Figure 4.6: Freestanding triboelectric-layer mode TENG operation principal

In this mode, three insulators are used. Two same material layers with electrodes
on the backside were fixed, with a load connected. A freestanding layer is sliding
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above them. The triboelectric charge-induced charge will form at the part where the
freestanding layer is not there. When the freestanding layer is moving, the charge
will flow through the load to balance both electrodes’ potential. If the freestanding
layer moving in cycle shown in Figure 4.6, an AC will be generated[77].

4.2.3 Thermoelectric generators

Figure 4.7: A thermoelectric generator structure

Thermal power is another common heat source in the environment. As a heat
source, human can become the source of thermoelectric nanogenerators[78]. The
thermoelectric effect converts temperature difference into voltage difference and
vice versa a thermocouple[79] through a phenomenon called the Seebeck effect. A
thermoelectric generator consists of two different materials connected at their ends.
Usually an N-type and a P-type semiconductor, shown in Figure 4.7.

Direct current (DC) will flow through the generator and circuit when there is a tem-
perature difference between the end of the semiconductor materials. The current
strength is linear to the temperature difference according to Equation 4.1:

J = −σS5 T (4.1)

where J is current density, σ is local conductivity, S is Seebeck coefficient of the
material, 5T is the temperature gradient.
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4.3 theory of wireless power transfer

Figure 4.8: WPT block system diagram

Wireless power transfer (WPT) offers a new method for energy acquisition of elec-
tronics devices, thus alleviating the dependence on batteries[60]. The basic structure
of WPT system is shown in Figure 4.8. The left part is the power transmitter, and
the right part is the receiver. The electrical power will be transmitted as an alter-
nate electrical field form between the transmitter and receiver. As a result, the load
connected to the receiver can be placed in a different place from the power supply.
There are three challenges as well as important technical parameters of the WPT
system.

Energy Efficiency

Energy efficiency is one of the most important technical parameters of the WPT
system. Each part Figure 4.8 has its own power efficiency in the transmission path.
These parts define the total WPT system efficiency[80]. To improve the WPT system
power efficiency, optimization can be made by better coil design[81, 82], circuit
structure, and power control. A WPT system could reach 70% efficiency in some
applications at a working frequency of 13.26 MHz[83].

Transmitted power

The transmitted power of a WPT system is also essential. The transmitted power
is limited by switching components in inventors and control scheme[84]s. A 120 W
wireless charger is currently available for commercial products according to Qi wire-
less charging standard by Wireless Power Consortium (WPC)[85].
Because the driver system needs to be implanted or worn on the body, it is impossi-
ble to put the WPT transmitter directly on the receiver. Thus the transmit distance
is also a key parameter that should be taken into consideration. There are currently
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some techniques that enable wireless power transfer in serial meters[86].

4.4 state-of-art
Since 2006, the first nanogenerator was proposed, there are already improvements
made to increase the nanogenerator’s efficiency. Besides, WPT technology has been
wildly applied in smartphone charging. In this part, some state-of-the-art research
results will be introduced to show the self-powered technology feasibility of driving
the optoelectronics driver system.

4.4.1 Nanogenerator (NG)

Though NG is a relatively new technology. There are more than 500 publications
related to NG in 2020. New design and applications have been wildly discovered
in recent years. A summary of NGs is listed in Table 4.2 with a series of the most
cited NG designs.

PENG

The first PENG was developed in 2006 based on ZnO nanowires[59]. The ZnO
nanowire was pressed by a conductive AFM tip and output a voltage of 8 mV and
0.5 pW power. In 2007, Wang et al. designed a ZnO PENG driven by an ultrasonic
wave at 41 kHz, generating an open-circuit voltage of 0.7 mV and 0.15 nA short
current[87]. Qin et al. developed a PENG based on microfiber electrode and ZnO
thin film in 2008. This structure generates 1 mV to 3 mV open-circuit voltage and
4 nA short current[88].

Yang et al. designed a laterally composited PENG rather than vertical mode[89]. It
gives an AC output voltage of 50 mV with a low strain (0.05%-0.1%). Using this con-
cept in 2010, Zhu et al. designed a PENG reaching an open circuit voltage of 2.03V
and a short current of 107 nA[90]. A commercial LED could be lit up by storing the
power generated by this structure in a capacitor. Later, Xu et al. integrated 700 ZnO
nanowires together, producing a peak voltage of 1.26V and an open circuit current
of 28.8 nA[91].

In 2011, Cha et al. enhanced the piezoelectric potential using different material
naming polyvinylidene fluoride (PVDF), reaching 2.6V and 0.6 µA output[92]. In
2012, Zhu et al. introduced a PENG with high open-circuit voltage, which is 58V.
The short current is 134 µA[93].
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Ghosh et al. uses fish scale as bio-piezoelectric nanogenerator in 2016, reaching
better robustly. This PENG has an output voltage of 4V and a current of 1.5 µA[94].

Xu et al. found that NKN (polymorphic phase sodium-potassium niobate) has a
much more significant piezoelectric strain constant because of its special crystal
structure[95].

TENG

In the year 2012, the first flexible TENG was developed by Wanf et al., which gen-
erated an open circuit voltage of 3.3V and a short current of 0.6 µA[68]. Later in
the same year, Wang’s team designed an arc-shaped TENG to reach a voltage of
230V[96].

In 2013, Chen et al. designed a vibrating sensor using TENG. It can produce a
stable output of 284V voltage and 76.8 µA current[97]. Also, by changing the shape
of TENG contact layers, TENG’s efficiency can be improved a lot[98]. Zhu et al.
designed a TENG using a sliding structure, which introducing a new mechanism
for TENG[99].

In 2014, Lin et al. designed a TENG to harvest energy from water drops. When a
30 µL water drops on this TENG surface, it can achieve 9.3 V and 17 µA current[100].

In 2015, Sun et al. designed a bio-compatible TENG that can flash several commer-
cial LEDs, reaching 310.5V voltage output and 16.2 µA current[101]. Later in the
same year, Tao et al. using a book-shaped TENG to improve the TENG’s output
capability[102].

In 2016, Chen et al. designed a single electrode TENG becoming a movement sensor
as well as a power generator for the reading circuit[103].

In 2017, Mallineni et al. designed a TENG with over 2000V output voltage [104].Later,
more kinds of materials have been used to fabricate TENG. In 2018, a kind of sea
algae has been tested as TENG layers[105]. More recently, TENG has been tested
to harvest energy from all kinds of energy sources like water wave[106] and wind
energy[107].
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Year Author Open Circuit Voltage Short Current Area Power density Volume Power Density Technology

2006 Wang et al.[59] 6 mV to 9 mV 1mW/cm2 PENG
2007 Wang et al.[87] 0.7 mV 0.15 nA 4W/cm3 PENG
2008 Qin et al.[88] 1 mV to 3 mV 4 nA 20-80mW/cm2 PENG
2009 Yang et al.[89] 50 mV 400-750pA PENG
2010 Zhu et al.[90] 2.03V 107 nA 22uW/cm2 11mW/cm3 PENG
2010 Xu et al.[91] 1.26V 28.8 nA 2.7mW/cm3 PENG
2011 Cha et al.[92] 3.6V 0.6 µA 0.17 PENG
2012 Zhu et al.[93] 58V 134 µA 0.78W/cm3 PENG
2012 Wang et al.[68] 3.3V 0.6 µA 10.4mW/cm3 TENG
2012 Wang et al.[96] 230V 15.5 µA/cm2 128mW/cm3 TENG
2013 Zhu et al.[99] 615V 0.44 µA TENG
2013 Hu et al.[98] 110V 15 µA 276uW/cm2 TENG
2013 Chen et al.[97] 287V 76 µA 72.6uW/cm2 TENG
2013 Yang et al.[76] 428V 1.395 µA 30uW/cm2 TENG
2014 Lin et al.[100] 9.3V 17 µA 20mW/cm2 TENG
2015 Sun et al.[101] 310.5V 16.2 µA TENG
2015 Huang et al.[102] 340V 78 µA 230uW/cm2 TENG
2016 Ghosh et al.[94] 4V 1.5 µA 1.14uW/cm2 PENG
2016 Chen et al.[103] 150V 78 µA TENG
2017 Xu et al.[95] 35V 5 µA PENG
2017 Mallineni et al.[104] 2000V TENG
2018 Lee et al.[108] 65V 1.6 µA PENG
2018 Dudem et al.[109] 14V 0.96 µA 98uW/cm2 PENG
2018 Lei et al.[108] 707V 75 µA 9.559uW/cm3 TENG
2018 Pang et al.[105] 33V 0.15 µA TENG
2019 Maria et al.[110] 12.5V 100n 562uW/cm2 PENG
2019 Hao et al.[106] 13V 2mA TENG

Table 4.2: Summary of designs and researches on different types of NGs
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4.4.2 WPT

Near-field WPT

Wireless power transfer technology is already wildly applied in smart devices as
wireless chargers. This kind of wireless charger usually uses inductive coupling[111]
and capacitive coupling[112]. Using these technologies, wireless chargers can pro-
vide a maximum of 120W power.

In 2007, Kurs et al. first developed a WPT system using resonance inductive cou-
pling. This WPT system can transfer 60W power within 2m distance with 40%
power efficiency[113].

In later years, some designs for implantable biomedical sensors have been made,
reaching higher efficiency listed in Table 4.3 [114, 115, 116, 117, 118]. The transmit-
ted power is varied by the purpose of applications.

Year Author Power Efficiency Frequency Range

2010 Kiani[114] 11.2mW 14% 13.56M 5-20mm
2015 Knecht[115] 30W 95% 800K 20-70mm
2016 Jiang[116] 100mW 60% 13.56M 5-15mm
2017 Mirbozorgi[117] 1.3mW 2.40% 60M 14-18mm
2018 Wang[118] 9.2mW 75% 13.56M

Table 4.3: WPT designs for biomedical applications

Long-range WPT

Long-range WPT usually uses microwave[119] or laser[120] technology. It can trans-
mit power in the kilometer range. This technology can be used to transfer the solar
energy collected in space to ground[121]. This technology requires complex trans-
mitter and receiver antenna arrays to transmit and receive power.

4.5 discussion
During the optoelectronics driver system’s operation, the implanted LED matrix is
only turned on for a short time when necessary. For example, to defibrillation the
AF, the LEDs need to be turned on for 100ms to reach a good termination rate[1].
When the LED matrix in Interactive optoelectronics system is turned on at full power,
it will consume 48W power. Thus, a total maximum of 4.8J power is required for
each flash.
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For NGs, using currently available technology, it is impossible to drive the LED
array directly. Thus, an energy storage method should be included. A capacitor
can store the energy generated by NG and release energy when needed. Figure 4.9
shows a possible design of an NG system with an energy storage unit. The AC will
be regulated to DC by a diode bridge and stored on the capacitor. A buck converter
is connected to the capacitor, adjusting the output voltage to fit the driver system.

Figure 4.9: A NG power generate system with energy storage capactior

The energy stored in the capacitor can be calculated using Equation 4.2:

E =
V2C

2
(4.2)

where V is the voltage across the capacitor, C is the capacitance of the capacitor.
Using an existing TENG design, when the output voltage of NG is 200V and set
capacitance as 20uF, the energy stored in the capacitor is 4J. This can supply one
flash of the LED matrix. Assuming the short circuit current is 100 µA, referring to
the existing TENG design, the capacitor’s charging process is shown in Figure 4.10.
It takes 90s to reach 90% of the final voltage, which allows the LED array to be
trigged every 90s.

Figure 4.10: The voltage across the capactor charging with TENG at 20 µA short current
and 200V open circuir voltage
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If using WPT system to power up the driver system, the existing technology is al-
ready enough to provide enough power. A battery is necessary in WPT system to
store the energy shown in Figure 4.11. Considering the implanting application, the
size of battery should be as small as possible. In this case, an 100mAh Li-ion battery
with a typical voltage of 3.6 V is used. This battery can store 1269 J energy, which
can support 270 flash.

Figure 4.11: A WPT power system with energy storage battery

Comparing these two self-powered technologies, NGs will not rely on external de-
vices after implanting, while the WPT system needs charging at certain time inter-
vals. However, WPT can provide higher power if the LED matrix needs to be turned
on more frequently.

4.6 conclusion
As a result, self-powered design is feasible for the advanced optoelectronics driver
system designs by reviewing existing researches. Not only the bio-sensors can be
self-powered, but also the optoelectronics devices. A suitable self-powering method
should be chosen depending on the application. If the LED is only triggered rarely,
NGs will be a good choice. On the contrary, WPT technology can be applied when
LED is needed more frequently.





5 C O N C L U S I O N

The main goal of this thesis work is to develop a design methodology of advanced
optoelectronics driver system for biomedical applications. This methodology will
fill the blank area of optoelectronics drivers designed especially for complex biomed-
ical applications. To fulfill the opto-biomedical experiments demand, the driver sys-
tem should reach the following requirements: quick response speed; enough inten-
sity; precise control; complex logic; customized pattern; user friendly; self-powered.

Figure 5.1: Design methodology of advnced optoelectronics driver system for biomedical
applications

After the research work, a verified methodology was proposed. Shown in Figure 5.1,
controlable CCSs in conbination with multichannel indication LED control chip is adoped
as the core control method. CCSs controls the current through each LED individually
according to the output of LED control chip. The multichannel LED control chips
are controlled by MCUs, the MCU will receive control data from PC, perform LED
logic control, and control the scan driver. Each part of the system is not coupled
with the other parts, which makes the system easy to test and design. Using this
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methodology, two fully functional test platforms were designed for special biomed-
ical applications and successfully performed the UVC virus inactivation test and
optogenetices sitmulation test. These two driver systems fulfilled the first 6 require-
ments. Moreover, a literature review is performed to prove the self-powered driver
system’s feasibility.

During the design process, the first system UVC virus inactivation test platform is de-
signed to verfiy the array control methodology. Virus inactivation experimnets were
scussfully performed in Erasmus MC using this platform. Based on array control
method, stacking multiple array together makes a matrix, which is second system
Interactive optoelectronics system. This system is aiming to stimulate optogenetices
cell mono layers. Using row-column scan control, turn on one row each moment
and switch through all rows to drive a matrix. AF termination test was scussfully
performed on this platform in LUMC. Finally, after verifying all designed driver sys-
tems, self-powered method should be designed for the driver system. By reviewing
recent works of nanogenerator technology and wireless power transfer technology,
it is feasible to power up the driver using these technologies depending on the en-
ergy requirement.

The challenge of this thesis work is balancing light intensity and logic complexity.
It is easy to drive a single high power light source like car headlights or complex
LED matrix like OLED screen. The LED used in Interactive optoelectronics system is
>3 W each, higher than the total power consumption of a smartphone. The matrix
has 256 such LEDs and reaches a refresh speed of 125Hz. Conventional LED matrix
controllers only have a total output capacity of 3W maximum, the combination of
multichannel LED controller and high power CCSs is the key method to solve this
problem.

To conclude, the optoelectronics driver system methodology put forward in this the-
sis was a successful guideline to design an advanced optoelectronics driver system
for biomedical applications. New drivers for other biomedical applications can also
be designed using this methodology.

However, there are still some drawbacks existing. The size of the driver module is
still not small enough for future implantation applications. Further optimization is
still required to diminish the driver size. Moreover, the self-powered research is still
in the theoretical stage. More research is needed to determine the best powering
method before the biomedical optoelectronics system is fully implantable.
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Figure A.1: UVC LED array operation status visible light image of array No.2
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90 uvc led configuration

Figure A.2: The UVC LED configuration of UVC virus inactivation test platform



uvc led configuration 91

Figure A.3: Test protocol of UVC virus inactivation test platform
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b.1 uvc virus inactivation test platform
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Figure B.1: Schmatic file of UVC Virus Inactivation Test Platform
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Figure B.2: Schmatic file of Interactive Optoelectronics System
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Figure C.1: PCB design file of UVC Virus Inactivation Test Platform
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Figure C.2: PCB design file of Interactive Optoelectronics System
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