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ABSTRACT

Phototherapy is the use of light ranging from ultraviolet to near-infrared wavelengths for clin-

ical applications such as treatment of acne, wound healing, and inactivation of bacteria and fungi.

The application is dependent on the wavelengths used and required penetration depth due to the na-

ture of light-tissue interactions. Light emitting diodes (LEDs) assembled into arrays have become

a popular light source in phototherapy because of their high efficiency and lower costs replacing

expensive lasers and bulky, inefficient filtered lamps. However, when illuminating close to the skin

for therapeutic applications, LEDs form concentrated areas of light causing uneven illumination

on the treatment area that has been shown to reduce the efficacy of phototherapy.

In this work, an optical model of a previously fabricated flexible LED array used in blue light

therapy was created and validated. To create a more uniform light distribution for use on the

skin, a diffuser layer composed of silicone and hollow glass microspheres was added between the

LED array and the skin surface in the model. This layer was optimized to maximize uniformity

while minimizing irradiance loss. Flexible diffusers were fabricated to validate the model with the

LED array source. A 1-2 mm thick diffuser layer with hollow glass microsphere volume fraction

of 5-10% was determined to provide sufficient diffusion while maintaining an average irradiance

>45 mW/cm2, the minimum irradiance required for blue light inactivation of bacteria. This work

is translatable to other phototherapy applications requiring uniform light irradiance from a light

source placed near or on the skin.
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g anisotropy
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1. INTRODUCTION

1.1 Introduction to phototherapy

Phototherapy is the use of ultraviolet (UV), visible, or near-infrared (NIR) light based on non-

thermic tissue reactions that can be applied to a broad range of clinical applications [2, 3]. The

wavelength used is determined by the application based on target chromophore and penetration

depth. For example, phototherapy has been demonstrated to treat skin conditions such as acne

vulgaris, rosacea, eczema, and psoriasis using blue or red wavelengths [3, 4]; shown efficacy in

promoting wound healing for diabetic ulcers using red, near-infrared, and blue light [5]; and has

long been used to treat neonatal jaundice [6]. In addition, blue light therapy has attracted increasing

attention because of its inherent ability to inactivate bacteria, viruses, and fungi with or without the

need for a photosensitizer (PS). Photodynamic therapy (PDT), a type of phototherapy, requires an

endogenous PS in the tissue or exogeneous PS to be applied to tissue to target cells such as tumor

cells [5]. In this work, we are focused on optimizing an LED array using blue wavelengths with

a center wavelength of 405 nm for the use of bacterial inactivation. More broadly, the work done

here can be applied to a variety of different wavelengths used in phototherapy.

*

1.2 Current light sources in phototherapy

Traditionally, light for phototherapy and PDT has been administered in a clinical environment

using lasers and bulky filtered lamp systems [7, 8]. Lasers and laser diodes are the most widely

used light sources, that provide high-powered and coherent illumination; however, they are ex-

pensive, require specialized safety equipment and training, and are not highly portable [9]. In

addition, lasers are not ideal for applications that require large and dispersed illumination areas

such as wound healing [10]. Filtered lamps, on the other hand, deliver fairly uniform, wide-field

*Portions reprinted with permission from “Modeling and optimization of immersion medium for phototherapeutic
light-emitting diode array for uniform light distribution” by ter Hofstede, Blanche, Glowczwski, Alan, Lovelady,
April, Maitland, Kristen C., 2021. Proc. SPIE 11633, Design and Quality for Biomedical Technologies XIV, 116330C,
Copyright 2021 by International Society for Optics and Photonics.
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illumination over the treatment area, but their utilization has been limited to dermatological appli-

cations, and they produce excessive heat [11].

LEDs have been growing in popularity for use in phototherapy and PDT due to their low-cost

design, durability, and high efficiencies. Compared to lasers, LEDs are very inexpensive, and

new generation LEDs have increasingly narrower wavebands. Although they are not completely

monochromatic like lasers and laser diodes, they are quasi-monochromatic making them useful for

phototherapy. Additionally, LEDs have been shown to be as effective as lasers and filtered lamps

in phototherapeutic applications such as treating jaundice and inactivating bacteria [4, 7]. Further-

more, LEDs allow for greater versatility over other light sources because they can be assembled

into arrays using multiple wavelengths for multiple phototherapeutic applications and different

configurations of LED placement allowing for multiple geometries [12]. LEDs are configured into

arrays of various patterns and wavelengths and attached via an articulated arm so that the device

can be placed over the patient.

1.3 Current LED phototherapy devices

There are numerous LED array devices on the market today for therapies such as acne treatment

and wound healing. For example, the Omnilux Led phototherapy system found in dermatology of-

fices are rigid LED array devices designed to conform to the face with only one degree of freedom.

Features such as the nose are not taken into account and therefore may receive more irradiance than

other portions of the face. In addition, because the device is irradiating from a varying distance and

the patients’ facial features vary in geometry, the dosimetry is difficult to measure because there is

no fixed distance. These devices use LED arrays on rigid, non-conforming structures resulting in

reduced patient comfort and may interfere with hospital workflow [7].

GE Healthcare has a variety of LED phototherapeutic devices focused on treating hyperbiliru-

binemia in infants. The BiliSoft 2.0 Phototherapy System, an alternative to the overhead lighting,

is a flexible fiber-optic fabric pad with blue LEDs with a peak wavelength of 445-470 nm and an

irradiance of up to 49 µW cm-2 nm-1 (22 mW cm-2 at 450 nm). However, this irradiance is mea-

sured without the fabric covering and therefore the actual power on the skin is attenuated by the

2



fabric placed over the light [13].

In addition, acne light devices that utilize red and blue LEDs exist such as illuMask (La Lu-

miere, LLC) and Omnilux Clear-U that have all been cleared by the Food and Drug Administration

(FDA). While many of the phototherapeutic devices on the market are handheld devices where the

user must hold the LED device over the affected area, the illuMask is a plastic, rigid mask with

LEDs embedded in the mask that utilizes filtered goggles to protect the user’s eyes. It has been

shown to effectively reduce mild-to-moderate acne in a 12-week randomized, controlled trial [14]

while at the same time allows for more consistent dosing as opposed to the handheld systems. The

rigidity of the system still is a limitation due to the varying facial geometries. Overall, these current

phototherapeutic devices either lack the irradiance required for the inactivation of microbes or are

rigid devices that are not easily incorporated into the clinical workflow.

1.4 Flexible LED array bandage

With the use of flexible printed circuit boards (PCB), LED arrays can be assembled into flexible

bandages allowing for placement on the patient’s skin, replacing the bulky lamp systems currently

in use and thus increasing patient comfort. Not only can this be easily incorporated into the hospital

workflow because it does not require a trained professional such as in laser therapy, and the patient

is also not as restricted as with the overhead lighting. This also allows for more effective dosimetry

of the light due to the increased conformability of the device [15]. Depending on where the bandage

is placed, the patient is not required to sit still to ensure the treatment is effective.

However, by bringing the LEDs closer to the skin, areas of very concentrated light, referred to

here as hot spots, are created. This is not desirable in phototherapy where uniform irradiance is

desired to most effectively inactivate target cells [2]. To increase irradiance uniformity, previous

groups in light engineering have worked on methods such as optimizing the LED arrangement of

the arrays themselves for more uniform illumination [16] or creating customized freeform LED

lenses [17]. However, these methods either are not sufficient when the light source is placed close

to the skin or require a high degree of customization that is not feasible for applications where the

use of low-cost, commercially available LEDs is desired. In addition, organic LEDs (OLED) for

3



PDT have also been investigated to create a uniform distribution for a wearable device. OLEDs

are prone to the burn-in phenomenon and have shorter lifetimes than LEDs, especially when run

at a high luminance for extended periods of time. The irradiance delivered onto the skin by the

OLEDs is not sufficient in inactivating bacteria or other microbes that severely limits their use for

this application [18].

Diffuser panels have been used to create a more uniform distribution from the focused light

emitted from the LEDs in overhead lighting. These panels are rigid but the same concept of

using a diffuser to spread the incoming light can be implemented to a flexible LED array [7].

We aim to model and optimize a flexible, diffusing material composed of soda-lime borosilicate

glass microbubbles fixed in a matrix of polydimethylsiloxane (PDMS) to be placed in between

the LED array (Figure 1.1) and the skin. This composite material will scatter light emitted from

an LED array creating a more uniform illumination without reducing the irradiance required for

phototherapy.

Figure 1.1: Flexible LED array with peak wavelength at 405 nm designed for prevention of bacte-
rial infections at surgical sites.

1.5 Thesis Overview

In this work, a previously fabricated flexible blue LED array was modeled in the optical sim-

ulation software LightTools, and subsequently, using different materials as a medium between the

4



LED array and the patient’s skin, the distribution of the emitted light was optimized to create a

uniform illumination without significantly reducing the irradiance on the patient’s skin. The model

was validated experimentally at multiple stages to ensure accuracy allowing for future modifica-

tions. Furthermore, the model can be used in various other phototherapy and lighting applications

with a variety of wavelengths to assess the effectiveness of the light distribution administered by

simply adjusting the LED array’s properties such as geometry and wavelength.
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2. BACKGROUND

2.1 Mechanism of phototherapy

The effectiveness of phototherapy requires both appropriate wavelengths for targeting chro-

mophores and penetration depth in addition to adequate irradiance depending on the therapeutic

application. Longer wavelengths such as red and NIR penetrate deeper into the tissue because the

absorption and scattering coefficients of chromophores in tissue are highly wavelength dependent.

Blue light, however, penetrates tissue with an intensity decrease of approximately 63% at 1 mm

while NIR can penetrate up to 5 mm [19]. Figure 2.1 shows the penetration depths in human tissue

for UV through NIR light .

Figure 2.1: Diagram of light of different wavelengths (UV-NIR) penetration depths in human tissue
[1].

Red (~600 - 750 nm) and NIR (~750 - 1100 nm) light have been shown to promote wound

healing [20] and pain management [21] due to the profound effect on macrophages, fibroblasts, and
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epidermal keratinocytes that are critical cells in the inflammatory, proliferative, and remodeling

stages of wound healing. It is theorized that red light targets cytochrome c oxidase (CCO), the

respiratory chain of the fibroblasts’ mitochondrion [22, 20] that converts molecular oxygen to water

during the electron transfer redox chain; whereas, NIR affects cell proliferation [23]. Research

utilizing green light (495 – 570 nm) recently has shown improvements in cellulite appearance [24]

and inflammatory effects [25].

In addition, the blue portion of the visible spectrum (400 – 500 nm) has been shown to have

anti-inflammatory properties in superficial tissue [26], promote wound healing, and exhibit inflam-

matory effects with the potential to inactive bacteria such as acne vulgaris [27], fungus, and viruses

[5]. Blue wavelengths are shown to excite flavins and flavoproteins that leads to the catalyzation of

reduction of oxygen to superoxide producing reactive oxygen species (ROS). Studies have shown

that blue light promotes opsin signaling; however, the complete signaling pathway is not com-

pletely understood [28]. Also, blue light therapy is considered an endogenous PDT because it uses

endogenous porphyrins, a group of heterocyclic organic compounds complexed to proteins such

as haemoglobin and cytochrome. Propionibacterium acnes contains endogenous porphyrins proto-

porphyrin IX and coproporphyrin III that have a strong absorption peak at 415 nm at which ROS

will be generated and destroyed via apoptosis without harming mammalian cells [29].

2.2 Radiometry and photomedicine dose reporting

Radiometry is the area of optics concerned with measuring the light radiation’s power in space

as opposed to photometry that involves the study of how the human eye perceives light. In ra-

diometry, the flux of all electromagnetic radiation in the optical spectrum (UV, visible light, IR) is

measured using units such as power (Watts), irradiance (Watts m-2), and radiance (Watts m2 sr-1),

whereas in photometry, light is weighted by the human eye’s spectral response. The standard unit

of flux is the lumen and includes functions such as color temperature analysis and illuminance

[30]. Because this application does not involve how our eyes perceive light and needs the absolute

flux of light, radiometric measurements are utilized in this work. In addition, LED specifications

are typically reported in photometry units because of their use in lighting applications.
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Power is the measurement of photons flux per second where 1 Watt is equal to 1 Joule per

second. This can be measured using an optical power meter that takes the average over a period

of time using a photodiode. Irradiance is the measurement of power over an area (power density).

This is one of the critical values to report in phototherapy in clinical and laboratory studies. Often

only the dose of light (Joules or J/cm2) are published based on the now disproven Bunsen-Roscoe

law of reciprocity, or the third law of photobiology [31]. However, this law has been disproven

by Lanzafame et al. who showed that by radiating a murine pressure ulcer model with increasing

irradiance and decreasing treatment time, although the energy density was constant, different ef-

fects were produced [32]. Other important measurements include the pulse wave velocity, length

of dose, beam area at skin or culture surface, and anatomical location [31].

2.3 Light-emitting diodes

LEDs are light sources that produce non-coherent light from a semiconductor diode that con-

verts electrical energy into light energy. The p-n junction at the diode die emits light when conduc-

tion electrons in the forward current fall into valence band holes, releasing photons in the process

as shown in Figure 2.2. The color emitted by the LED is determined by the semiconductor material

and impurities used to form the p-n junction [33].

Figure 2.2: Schematic of LED p-n junction at diode die. As forward current flows across the
junction, electrons in the conduction band fill electron holes in valence band releasing photons in
the process.
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The power output and efficiency (radiated power output/electrical power inputted) have in-

creased over the last two decades where now LEDs can output greater than 1 W starting in 1999.

In addition to efficiency, LEDs also have a long lifetime that is measured by when the LED’s in-

tensity decreases to 70% of its original intensity. The average lifetime specification of high-power

LEDs is about 50,000 hours which is 2-3 times better than traditional fluorescent or high-intensity

discharge lamps [34].

Typically, LEDs are composed of a diode, reflector, and silicone lens. To increase photon effi-

ciency, the reflector, which is part of the chip cathode, aids in ensuring that the photons generated

by the chip cathode are reflected out of the envelope tip. The lens helps determine the angular in-

tensity distribution of the output light. Typically, this value ranges from 60-120° depending on the

application. Current generation LEDs can have a smaller angle of divergence for a more focused

beam [9]. LED packages come in different types such as chip style and surface mounted LEDs for

different applications. I will be focusing on surface source LEDs that are used in the previously

designed LED array device described in this work.

In order to model LEDs, different levels of complexity can be used depending on the applica-

tion. As a first-order model, a simple point source can be used with spectral information provided

by the data sheet. This can give a general idea of flux of the LED [35]. For higher order models,

a surface source using an apodization file that consists of the angular intensity data provided by

the LED data sheet can be modeled. This method assumes that the angular distribution and spatial

distributions are independent. The most complex and accurate is modeling a 3D geometrical model

of the LED including the diode, reflector, and lens. This can be time consuming however because

LED manufacturers usually do not provide all the required information. Therefore, the geometric

and optical properties must be adjusted until the angular intensity distribution matches the data

sheet. Some manufacturers provide the mechanical model and ray data that can be imported into

optical simulation software such as LightTools [36, 35]; however, this was not available for the

current LED used in the LED array.
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2.4 Monte Carlo modeling

Monte Carlo simulation of light transport illustrated in Figure 2.3 is a stochastic method for

modeling light propagation. This method adapted by Jacques et al. in 1995 has been used and

adapted extensively in tissue optics for therapeutic applications such as evaluating angular radiance

of a dye laser in human prostate for PDT [37, 38].

In this well-defined method, photon packets are launched individually into the medium and

moved through with a step size determined using a probability density function. With each step, the

photon packet experiences scattering and absorption events where the photon will be deflected at

an angle, and its weight (intensity) is decreased determined by the probability density function and

the material’s optical properties. If the photon packet’s weight is below a set threshold and does

not survive a roulette step based on a random number generator, the photon will be terminated.

Otherwise, the photon will continue stepping through the material until it does not survive the

roulette step. If the photon hits a boundary, it will either reflect or transmit to the next boundary.

After a sufficiently large number of photons have propagated through the material, the simulation

should accurately represent the solution of the light transport problem where measurements like

transmittance, reflectance, and radiance are computed [39].
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Figure 2.3: Flow diagram of Monte Carlo model decision process of photon propagation including
absorption, scattering and reflection events. Process is repeated until all photons have reached end
of their lifetime or traveled through material.

2.5 Light Diffusers

Light diffusers have long been used in optical design to create uniformity by decreasing the dif-

ference between high and low brightness. Light diffusion occurs in optically mixed environments

where the index of refraction fluctuates irregularly [40]. Fillers such as organic and inorganic par-

ticles known as light-diffusing additives are added to create this effect. Many overhead lighting

systems in recent years have transitioned from incandescent light bulbs to more energy-efficient

LEDs with the help of diffusers that scatter the light to create illumination similar to that of a

traditional light bulb. Diffusers are also used in cell phones to evenly illuminate the back screen

11



designed precisely to decrease wear on the user’s eyes [41].

Hollow glass microspheres (HGMs) are used as an additive in polymeric compositions to cre-

ate scattering of light due to their high stability and low density [42]. In addition to light scattering,

HGMs have been shown to have thermal insulating properties, which is advantageous for the appli-

cation present here because high power LEDs do produce a significant amount of heat especially

when applied to the skin for extended periods [43]. Sodium-lime borosilicate hollow glass mi-

crobubbles were utilized that have a diameter (30 - 90 µm) greater than the wavelength of the

incident light (405 nm). Therefore, the behavior of light can be described by Mie scattering, that

uses solutions to Maxwell’s equations for interaction of electromagnetic waves with particles. Mie

scattering of multi-layer concentric spheres has been previously described by Aden and Kerker

[44], where a third Mie equation accounts for the electromagnetic field in the shell dielectric.

From the Mie coefficients, the bulk optical properties of the materials can be extracted to find the

scattering coefficient (µs), anisotropy (g), and reduced scattering coefficients (µ′s) [45, 46].

PDMS is a type of silicone that is flexible and has a low optical loss (< 95%) making it a great

candidate for incorporation into a form-fitting device to be placed on the skin. Some types of

medical-grade silicone such as Silastic MDX4 (DuPoint) are available that are used in implantable

devices previously cleared by the FDA [47].

HGBs can be added to PDMS before curing to create a flexible diffuser that can be incorporated

into the LED bandage between the LED array and the skin. The fact that it is form-fitting allows

for the bandage to stay flexible while spreading the light to be more uniform. However, there is an

issue with power loss through the PDMS and HGBs that needs to be optimized.

2.6 Gaps in literature

Overall the area of phototherapy is not completely understood and lacks in accurate and con-

sistent dosimetry leading to inconsistent results. Flexible LED arrays can be used to create pho-

totherapeutic devices allowing for placement close to or on the skin for more consistent dosimetry.

However issues with LEDs creating areas of non-uniform irradiance on the skin have not been

addressed. A method of diffusing the light emitting from LED arrays to create a more uniform
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light distribution without sacrificing power is needed in phototherapy.
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3. OPTICAL SIMULATION OF LED ARRAY DEVICE AND FLEXIBLE LIGHT DIFFUSER

3.1 Materials and Methods

In this chapter, I will discuss the methods utilized to simulate a blue LED array device using

the optical simulation software LightTools (Synopsis, Inc.), the LED placement optimization, and

the optimization of a medium placed between the LED array and the skin used to create a more

uniform irradiance.

3.1.1 Modeling of LED array

A previously designed, flexible LED array shown in Figure 3.1a made up of 51 blue LEDs was

modeled using the optical simulation software LightTools that utilized the Monte Carlo method to

model photons as they move through free space and various materials. The LEDs (QBHP684E-

UV405BS, QT Brightek) have a viewing angle of 120°, a center wavelength of 405 nm, and a

full-width half-maximum (FWHM) of 16 nm that was provided by the manufacturer datasheet.

Using apodization data, a source model was created where one surface emitted light according to

the angular and spectral intensity distributions provided by the datasheet shown in Figure3.1b. It

was assumed the LED had a Lambertian intensity distribution.

(a)

(b)

Figure 3.1: (a) The blue LED array with 51 LEDs powered off used for optical simulation and
experimental testing. The LEDs have a peak wavelength of 405 nm and are controlled using a
Python graphical user interface. (b) Angular distribution of LED used in LED array.
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Once the LED source model was created, the LEDs were arranged into an array using the

layout geometry of the device in Figure 3.1a. A PCB backing of aluminum was also modeled to

account for any reflection off this surface.

3.1.2 Modeling of intermediate medium

To create a more uniform distribution of light using the existing LED array, a medium can be

placed between the LED array and the skin. First, the geometrical properties such as thickness and

material were optimized using LightTools. Three immersion materials were simulated: air (n =

1.0), PDMS (n = 1.43, Sylgard 184, Dow Corning), and water (n = 1.33). For the water medium,

a thin layer of polyethylene coating was added on either side to model a bag to contain the water.

The irradiance incident on the tissue over an area of 100 X 60 mm2 was simulated and compared

for the three materials of varying thicknesses.

In addition, uniformity over a region of interest (ROI) (60 x 24 mm2) was compared for varying

medium thicknesses ranging from 1 mm to 15 mm. This ROI was chosen because complete unifor-

mity over the entire array is unlikely and for phototherapeutic applications such as wound healing,

the ROI is the area of the wound at the center of the LED array. The uniformity was measured by

comparing the standard deviation of the irradiance in this region.

3.1.3 Modeling and optimization of diffuser

Following the geometrical and material simulations, a flexible diffuser was modeled in Light-

Tools by distributing soda-lime borosilicate HGMs with varying volume fractions to a matrix of

PDMS. Mie scattering for concentric spheres was used for the simulation of the bulk material for

this diffuser. MATLAB code developed by Durkee et al. [45] was used to find the anisotropy fac-

tor (g) and the scattering coefficient (µs) using the Mie equations for two-layer concentric sphere

model developed by Aden and Kerker in 1951 [44] that calculates the Mie scattering coefficients.

The radius of the spheres ranges from 30 - 90 µm with a mean diameter of 60 µm and an estimated

shell thickness of 2-5 µm, based on the density. µs and g were found for wavelength range 350 nm -

450 nm assuming the HGMs were uniformly 60 µm in diameter with a shell thickness of 3 µm and
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a refractive index of 1.64 at 405 nm embedded in PDMS (n = 1.43). Then, the Henyey-Greenstein

phase function was used to find the angle of scattering in LightTools.

To optimize the diffusion of light at the skin, the volume fraction of the HGBs was varied from

0-40% by finding µs and g for each volume fraction. The volume fraction is positively correlated

to the µs and therefore, adding more HGBs to the composite material increases scattering. The

uniformity and irradiance at the ROI for mediums of thickness 1 mm, 2.5 mm, and 5 mm were

found and compared.
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3.2 Simulation results

The results are presented here for the simulation in LightTools of both the LED array and

intermediate material. All results were found using 1x107 photons and run on a personal desktop

computer (8-core AMD FX(tm)-9590 processor, 4.70 GHz, 32 GB RAM).

3.2.1 LED array model

The LED surface source modeled is shown in Figure 3.2a where one surface of the volume

emits light corresponding to the angular distribution provided by the datasheet as shown in Figure

3.2a. The spectral distribution with a peak wavelength at 405 nm and a FWHM of 16 nm are shown

in Figure 3.2b. The total output power of the individual LED was 0.07 W that was calibrated with

experimental results discussed in the following chapter.

(a)
(b)

Figure 3.2: Simulation results of (a) surface model of individual LED with sample ray tracing and
(b) spectral distribution of each LED with a peak wavelength at 405 nm and a FWHM of 16 nm.

The angular distribution simulated using the surface source is compared to the angular distri-

bution provided by the manufacturer in Figure 3.3a and 3.3b.
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(a)
(b)

Figure 3.3: Simulation of LED surface source’s angular distribution in (a) Cartesian and (b) polar
coordinates.

The LED array was then modeled after a previously manufactured array as shown in Figure

3.4 using 50 LEDs to simplify uniformity measurements. The average output irradiance for the

receiver 1 mm away at the 60 X 24 mm2 ROI of the LED array was 90.4 mW/cm2 with an error of

less than 5%.

Figure 3.4: LED array modeled using PCB backing simulated in LightTools using surface sources.

The irradiance distribution output with the receiver 0.5 mm away is shown in Figure 3.5 with

horizontal and vertical line plots through the middle of the LED array. The LED irradiance hot
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spots can be seen in the simulation because the LEDs are close to the receiver. The goal of this

work is to remove these hot spots and redistribute the light in the following sections.

Figure 3.5: Example simulation irradiance distribution of LED array 0.5 mm away from receiver
(skin) in air. ROI is indicated by black rectangle where irradiance and uniformity measurements
were calculated. Horizontal and vertical line plots through middle of LED array show the lack of
uniformity of the irradiance. Units are in W/mm2

3.2.2 Immersion medium results

A medium was placed between the LED array and the receiver (skin). The effects of the

geometrical properties of the medium were compared by changing the thickness and material. The

thicknesses ranged from 1 mm - 15 mm and the materials for the medium were PDMS and a water

pack comprised of water and a layer of polyethylene to simulate a plastic bag. These two materials

were compared to air to assess the change in uniformity and irradiance. Figure 3.6 and 3.7 show

the comparison of the three materials (air, water, and PDMS) for the varying thicknesses. As

the thickness increases, the uniformity over the region increases; however, the average irradiance

decreases. This is due to the absorption of light as it interacts with the material. In the case of

air, the light is absorbed and scattered by particles in the air such as water but there is no focusing
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of the light towards the region of interest and instead light is lost to areas outside the region of

interest. For PDMS and the water pack, the light refracts at the interface between air and the

material causing refraction, redirecting the light to the ROI.

Figure 3.6: The simulated average irradiance incident in ROI (60 X 24 mm2) of LED for silicone,
a water bag, and air of thicknesses ranging from 1 mm - 15 mm.
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Figure 3.7: The simulated change in irradiance standard deviation as the thickness of three materi-
als (silicone, a water bag, and air) increases from 1 mm to 15 mm.

PDMS proved to be the most efficient at maintaining power on the skin receiver that can be

attributed to its low optical power loss. A comparison of the spatial irradiance of PDMS from 1

mm and 10 mm is shown in Figure 3.7 where as the thickness increased, the uniformity increased.

The water pack was comparable in uniformity; however, the use of silicone is more practical

compared to a water pack for clinical applications where implementing the technology into the

hospital workflow is critical for product adoption.

3.2.3 Optimal light diffusing composite

HGM of diameter 30 - 90 µm were added to the material to scatter light due to the change in

the index of refraction of the material and the air within the beads governed by Mie scattering. The

average scattering coefficient, anisotropy, and reduced scattering coefficients are shown below in

Table 3.1 over wavelengths 350 nm - 450 nm. As the volume fraction increases, the scattering of

the bulk material increases.
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Table 3.1: Calculated bulk optical properties averaged over 350 - 450 nm wavelengths for 1% -
40% volume fraction of HGMs.

Volume Fraction (%) µs [cm−1] g µ′s [cm−1]

1 5.0533 0.7914 1.0533

5 25.2667 0.7914 5.2667

10 50.5334 0.7914 9.9515

20 101.0668 0.7914 21.067

30 151.6001 0.7914 31.6005

40 202.1335 0.7914 42.1339

Next, the volume fraction was optimized for the medium using 60 µm diameter HGBs. In ad-

dition to scattering the light, the HGBs also absorb energy. Therefore, the optimal volume fraction

of HGBs was found to maximize light scattering and minimize absorption. Using thicknesses of 1

mm, 2.5 mm, and 5 mm, the volume fraction of the HGBs was varied from 0-40%. An example of

the geometrical model for a 5 mm diffuser with a volume fraction of 40% in Figure 3.8 illustrates

the scattering of light in the medium.

Figure 3.8: Example simulation of rays through PDMS composite material of thickness of 5 mm
with 40% volume fraction HGMs.
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The results for the 1-5 mm thick medium are shown in Figure 3.9a and 3.9b. The absorption

as the composite material for volume fractions greater than 1% increased was too significant and

the irradiance on the skin after 5 mm converged to an average zero mW/cm2 in the ROI. As the

volume fraction increases, the uniformity is expected to increase as the light emitted from the LED

array scatters the light through the composite material. Figure 3.9b shows a decreasing standard

deviation of the irradiance as the volume fraction of HGMs increases which indicates an increase

in uniformity. However, the irradiance as shown in Figure 3.9a decreases below 45 mw/cm2 as

the volume fraction increases. From these results, I found that a diffuser of 1 mm with a volume

fraction of between 5-10% was ideal for creating a uniform light distribution without decreasing

the power below 45 mW/cm2.

(a) Irradiance (b) Standard Deviation

Figure 3.9: Simulation results of (a) average irradiance and (b) standard deviation over ROI (60
mm X 24 mm) as the volume fraction of HGM increased from 0% to 40%. Thicknesses of medium
ranged from 1 mm to 5 mm.
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4. EXPERIMENTAL VALIDATION AND TESTING

4.1 Materials and Methods

This section describes the methods used to validate the optical modeling of the LED array and

diffusing silicone material reported in Chapter III using both spatial and irradiance measurements.

4.1.1 LED array validation

The final array simulation was verified using a Thorlabs PM100D optical power and energy

meter and a Thorlabs S120C sensor to measure the power detected from the LED array where the

average irradiance and standard deviation were compared. To find the output of a single LED, the

power output was measured at different distances using a power meter and the corresponding setup

was simulated in LightTools using a receiver the size of the power meter receiver.

In addition, an optical setup (Figure 4.1) using a charge-coupled device (CCD) camera (Black-

fly Monochrome CCD Camera, FLIR), an achromatic doublet lens with focal length of 30 mm

(AC254-030-A1, ThorLabs), and absorptive neutral densities filters (ND) (NE-A, Thorlabs) with

a total optical density of 0.9 were used to verify the spatial variation of the array using line plots.

Both the pixel intensity and irradiance were normalized after confirming the irradiance using the

power meter.

4.1.2 Diffuser fabrication and testing

The diffusers were fabricated by embedding soda-lime borosilicate glass microbubbles (Glass

Bubbles K16, 3M) in uncured PDMS (Sylgard 184, Dow Corning) with 0-40% microbubbles by

volume. The samples were made in a model with a dimension of approximately 12 cm X 8 cm

to cover the entire LED array. The samples were cured at 65°C for 95 minutes and let sit for 24

hours before removing from the mold. 3 samples of each volume fraction were fabricated and the

averages of the measurements were averaged together. The diffusers’ thicknesses were measured

at 3 different points and placed between the LED array and the receiver as shown in Figure 4.1

for testing using a power meter and CCD camera optical setup for spatial information. These were
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compared to the simulation results found in the previous chapter.

Figure 4.1: Optical set up consisting of CCD camera, doublet lens, and ND filters (OD = 0.9) used
to measure spatial variation of irradiance. LED array was approximately 40 cm away from CCD
camera.
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4.2 Results

The results from the LED array and silicone diffuser medium are presented in this section. This

ensures the simulations done in Chapter 3 are accurate and can be used for future simulations for

further optimizations.

4.2.1 LED array validation

A single LED was measured using a power meter and it was found that each LED had an

average emittance of 0.07 W. Images of the LED array taken using the CCD camera and LightTools

simulation results are shown below in Figure 4.2. The line plots show similar peaks at the hot spots

of the LEDs that was used to measure the change in uniformity as the difference in the base line

and the peaks decrease.

Figure 4.2: Comparison of (a) simulation line plot to (b) RAW image taken using optical system.
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4.2.2 Diffuser experimental results and simulation validation

Next, the flexible diffuser composed of HGMs in PDMS of varying volume fractions was

created and tested. The thicknesses of the diffusers are shown in Figure 4.3a. The irradiance at the

ROI was measured and images were acquired using the imaging setup. Results for the irradiance

measurements are shown below in Figure 4.3b. As expected, as the volume fraction increases, the

uniformity increases as indicated by the decreasing standard deviation. However, the irradiance

decreases with an increase in volume fraction of HGMs. For our blue light application, using the

current power output of the LEDs, a volume fraction greater than 10% for a mean thickness of 1.5

mm is not desired given the requirement of at least 45 mW/cm2.

(a) Thickness of diffusers (b) Irradiance

Figure 4.3: Experimental results of (a) average irradiance (mW/cm2) and (b) standard deviation
(mW/cm2) found using power meter over ROI. Thicknesses of medium varied from 1.27 mm to
2.36 mm.

The results of the simulation and experimental LED arrays are compared below to show the

change in uniformity for diffusers with an average thickness of 2.01 mm with a range of 1.35

mm - 2.55 mm. As in the simulation, as the volume fraction increases, the uniformity at the ROI

increases while the irradiance incident on the skin decreases. The irradiance as the volume fraction

increases for both the simulation (blue) and experimental (grey) results are shown in Figure 4.4

below.
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Figure 4.4: Comparison of experimental and simulation results of average irradiance (mW/cm2)
after light emitted from LED array passes through diffusers of volume fraction HGMs with varying
thicknesses ranging from 1.27 mm - 2.36 mm.

As the volume fraction increases, the simulation’s percent error increases and that can be at-

tributed to a variety of factors. The simplification of the LED light source could have affected the

accuracy since the LEDs are near the interface of the diffuser. When testing experimentally, the

LEDs were not perfectly incident on the PDMS diffuser, and therefore, there may be slight varia-

tions in the results. In addition, the thickness of the medium varied over one diffuser that can have

a large impact on the irradiance output. The HGBs was assumed to have an average diameter of 60

µm and be uniformity distributed in the PDMS matrix in the simulation. However, experimentally

this can differ from diffuser to diffuser.

Lastly, the spatial irradiance of the diffuser was found using the CCD camera images after

background subtraction. Figure 4.5 shows the images for a 0%, 5%, and 20% volume fraction dif-

fuser with its corresponding normalized line plot. It can be seen that the line plot peaks spread out

indicating a more diffuse light distribution on the skin. However, for the 20% and 40%, although
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the line plots are very uniform, the irradiance was significantly reduced from 65 mW/cm2 to 29.4

mW/cm2 and 19.1 mW/cm2, respectively. These results confirmed the simulation’s predictions that

a diffuser with 5-10% volume fabrication of HGM and a thickness of 1-2 mm improves uniformity

without reducing the average irradiance below 45 mW/cm2 that is required for the application of

inactivating bacteria for blue light therapy.

Figure 4.5: Monochrome images of irradiance distribution and horizontal line plots of normalized
pixel values through center of array after light emitted from LED array passes through diffusers
with 0%, 5%, and 20%. Image brightness has been adjusted in order to visualize differences in
diffusion of light.
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5. SUMMARY AND CONCLUSIONS

5.1 Summary

Phototherapy is the use of light for therapeutic applications such as treatment of acne, wound

healing, and inactivation of microbes. LEDs have become an attractive alternative to the traditional

light sources used in phototherapy such as lasers and filtered light systems due to their higher

efficiencies, lower costs, and design flexibility. In addition, LEDs can be arranged on flexible PCB

boards in a variety of wavelengths and spatial configurations allowing for more customization in

terms of the treatment area on the body and therapeutic application. However, when LEDs are

placed close to the skin, hot spots of light are formed that leads to areas on the skin that are

not receiving the adequate irradiance required for treatment. Therefore, a method of creating a

more uniform light distribution is essential without increasing the number of LEDs required that

increases cost, temperature output, and power needed.

In this work, we have modeled and optimized a LED array in LightTools utilizing a peak

wavelength of 405 nm for use in blue light therapy, a type of phototherapy, for the inactivation

of bacteria. A composite material was modeled and fabricated to be placed between the LED

light source and the skin to create a more uniform illuminance distribution on the skin that has

been proven to increase the effectiveness of phototherapy. The medium’s geometrical and material

properties were explored and it was found PDMS was the most practical for clinical adoption due

to its low optical loss and flexibility.

To further diffuse the light, scattering HGMs were embedded in PDMS. The volume fraction

of the microbubbles was found using optical simulations to optimize the light uniformity without

decreasing the irradiance significantly. These simulation results were compared to experimental

results and the simulations were found to be relatively accurate in terms of both irradiance on the

skin and spatial distribution of light on the skin. It was found that a volume fraction between 5-

10% with a thickness of 1-2 mm was optimal for our application of bacterial inactivation using
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blue wavelengths with a target irradiance of 45 mW/cm2.

5.2 Conclusions

Overall, this work was successful at optimizing a diffusing silicone medium for uniform light

distribution of light on the skin for phototherapy using optical simulations and validated using

experimental methods. Although the percent difference, especially for the higher volume fraction

of HGMs, was not ideal, improvements to the optical simulation can be made such as using a

geometrical model of the LED. When using the silicone diffuser experimentally, the uniformity

increased. Even though blue light was used for the model and experimental results, our work

could be applied to other wavelengths for other therapeutic applications in order to achieve uniform

illumination close to the skin.

5.3 Future Work

Future plans for this work include improving the model of the LEDs to use geometrical LED

sources instead of surface sources using apodization. Although this would be more computation-

ally expensive, it is possible for further simulations. In addition, if another type of LED were used,

ray files and mechanical models available on many LED manufacturer’s websites can also be used.

The HGMs used have a large distribution of sizes ranging from 30 µm to 90 µm with a mean

size of 60 µm. Within this range, the scattering coefficient increases as the radius decreases. This

can be used to our advantage by filtering out the larger microbeads so that the diffuser scatters the

light more effectively.

In addition, to further expand upon the model, future work can be done to model the effect of

the diffuser on the penetration depth into the skin as opposed to just looking at the light distribution

on the surface of the skin. This can be tested using optical phantoms and the current optical system

could be modified to image the light penetration in tissue of the blue light LED array.

Lastly, because the skin is not a flat receiver like in this work, the geometries of the receivers

can be modified to add curvature to model areas where this device would frequently be used such

as the arm, hip, and thigh. The curvature of the body affects the distribution of the light and the
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diffuser may also help with decreasing the concentrated light due to the curvature even further if

optimized.
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