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A B S T R A C T  

Despite enormous worldwide research efforts and resource commitments, infectious 

disease problems associated with medical care and with food and water supplies  

remain as serious public health problems in both developed and developing countries. 

New infection control technologies are required and this study investigated 

ultraviolet and visible light-based technologies for microbial inactivation. A major 

aspect of the work was the modelling optimisation of the High-Intensity Narrow-

Spectrum light Environmental Decontamination System (HINS-light EDS), a ceiling-

mounted light source developed at the Robertson Trust Laboratory for Electronic 

Sterilisation Technologies (ROLEST), which provides continuous decontamination 

of air and surfaces within illuminated environments. This study involved the design 

and development of a fully integrated and controllable HINS-light EDS.  

Initial investigations in the study involved the use of pulsed ultraviolet (PUV)-light 

for microbial inactivation, and results demonstrated the effectiveness of PUV-light 

for inactivation of the bacterial species Staphylococcus epidermidis and 

Staphylococcus aureus and the yeast species Saccharomyces cerevisiae in liquid 

suspension using both a broadband spectrum and 260 (± 10) nm light pulses. 

To determine the visible-light wavelength sensitivity of a number of significant 

bacterial species, this study utilized a continuous xenon white-light source in 

combination with a range of narrow-band optical filters (10 nm FWHM) to expose 

L. monocytogenes, S. aureus and methicillin-resistant Staphylococcus aureus (MRSA) 

in liquid suspension. Results demonstrated that the bacteria showed sensitivity to 

wavelengths of light within the visible region, with the peak wavelength for 

inactivation being 405 (± 5) nm. The study also investigated the use of 405 nm High 

Intensity Narrow Spectrum (HINS) light, generated from light-emitting diodes 

(LEDs). When comparing the inactivation kinetics of MRSA, S. aureus, 

S. epidermidis and L. monocytogenes using the 405 nm HINS-light with those from 

the 405 nm filtered light, at an irradiance of 8.6 mWcm
-2

, similar results are found, 

indicating that the applied dose is the important factor regardless of the source. 



 

 IV 

The most significant area of this study was the development, testing and modelling 

of a fully-integrated HINS-light Environmental Decontamination System (EDS). 

Previous work within ROLEST saw the development of an initial prototype model 

which has been successfully trialled within an NHS hospital, with results showing 

significant reductions of environmental contamination levels in isolation rooms.  

This initial prototype had a number of design and operational limitations which 

required improving.  In this study, a new topology for the HINS-light EDS has been 

developed and its light distribution has been studied. Optimal parameters for the 

uniform light distribution have been established including: the Lambertian mode 

number (m), configuration of the Fresnel lens and diffuser, space distance between 

light source (LEDs), Fresnel lens and diffusers, and the optimum LED-to-LED array 

spacing. A mathematical model which allows analysis of the light distribution from 

different topologies has been successfully developed, with results proving that 

intensity distribution of the system is in good agreement with experimental data. In 

addition the system has improved thermal management with integrated power 

supplies providing a light-weight compact design suitable for ceiling mounting. 

Analytical study of safety calculations and risk assessment of the new HINS-light 

EDS prototype have been evaluated and calculated. The results confirm that the 

HINS-light EDS, at an irradiance level of 0.08 mWcm
-2

 for each individual 405 nm 

LED engine, and with a total irradiance level of 0.32 mWcm
-2

 at a distance of 

200 cm below the system, is safe in relation to UV, UV-A and thermal interaction 

with unprotected skin and eyes and blue light retinal hazard. 

Bacterial inactivation data using this new prototype HINS-light EDS has been shown 

to achieve reductions in bacterial levels on agar surfaces of up to 73% for S. aureus, 

57% for E. coli and 55% for L. monocytogenes, after 6 hours exposure at a distance 

of 200 cm below the system. The results demonstrate that the improved prototype 

system is effective for inactivation of pathogenic bacteria in exposed environments. 
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CHAPTER 1 

1 INTRODUCTION 

Despite the progress and the advancement of microbial inactivation technologies, the 

problem of medical, food and waterborne diseases is still growing, and is becoming a 

serious public health problem in both developed and developing countries. Various 

types of bacteria, yeast, fungi, virus and protozoa are responsible for causing these 

diseases, and numerous decontamination methods and technologies have been 

investigated for reduction and eliminate of these pathogens. Light-based technologies 

are one such method that have been of interest for decontamination applications. 

Light interacts with microorganisms in different ways, with these processes 

depending critically on wavelength. Microbial inactivation using ultraviolet (UV) 

light is well known and has been utilized to eliminate air, water and surface 

contamination in hospital environments, food products, public buildings, water plants 

and agricultural products. 

Due to the safety issues associated with UV light damage to skin and eyes, visible-

light technologies for microbial inactivation are becoming useful alternative for 

general applications. Visible light in combination with a wide range of exogenous 

photosensitizing molecules (such as methylene blue, the cationic thiazine dye 

toluidine blue, cationic porphyrins, phthalocyanines and chlorins) is well-established 

as being an effective antimicrobial treatment and it has been successfully 

demonstrated to inactivate bacteria, yeast, fungi, protozoan parasites and viruses. 

The initial aim of this study was to determine the efficacy of pulsed ultraviolet 

(PUV)-light for inactivation of the bacterial species Staphylococcus epidermidis and 

Staphylococcus aureus, and the yeast Saccharomyces cerevisiae, whilst in liquid 

suspension, and to also demonstrate that agitation of the sample during PUV 
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exposure significantly enhances the inactivation rate of densely populated microbial 

suspensions.  

With the focus of the study on light-based technologies for microbial inactivation, 

the study then investigated the inactivation spectrum for Listeria monocytogenes, an 

important food-borne pathogen. This inactivation spectrum assessed the sensitivity of  

L. monocytogenes to UV and visible-light wavelengths and was performed using a 

continuous Xenon white-light source in combination with a range of broadband 

longwave and shortwave optical filters. Further studies using a range of narrowband 

(10 nm FWHM) filters investigated the wavelength sensitivity of L. monocytogenes, 

S. aureus and methicillin-resistant Staphylococcus aureus (MRSA), and found that 

bacterial inactivation using visible-light wavelengths was maximum with 

405 (± 5) nm light. 

Following identification of 405 (± 5) nm as the most bactericidal wavelength band, 

the study then investigated the use of high-intensity narrow-spectrum (HINS) 405 nm 

light, generated from light-emitting diodes (LEDs) for inactivation of a selection of 

significant foodborne pathogens including Listeria monocytogenes, Salmonella 

enteritidis, Shigella sonnei and Escherichia coli 0157:H7.  

Research within the Robertson Trust Laboratory for Electronic Sterilisation 

Technologies (ROLEST) used the 405 nm HINS-light inactivation technology to 

develop the HINS-light Environmental Decontamination System (HINS-light EDS), 

which is a ceiling-mounted light source for continuous decontamination of the air 

and exposed surfaces. A recent publication demonstrated the successful application 

of this novel decontamination system within hospital isolation rooms for reducing 

environmental bacterial contamination [1]. 

The HINS-light EDS used in this previous study [1] was a prototype system with 

many features requiring optimising and improving (e.g. size/weight, high cost, non-

integrated). The main objectives of this research project were to improve on the 

initial HINS-light EDS prototype design by creating a fully-integrated system, and to 

focus on the modelling optimisation of this new prototype system. This novel 

decontamination system will disinfect air and surfaces, therefore can have 
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applications in, not only clinical environments, but a variety of environments where 

disinfection and clean environments are required, e.g. food industry, public areas, 

schools, offices. 

Overall, this study into light technologies for inactivation of pathogenic bacteria can 

be divided into two main parts; 

1. Investigation into the effects of pulsed ultraviolet light and visible-light for 

microbial inactivation (Chapters 4 – 6). 

2. Modelling, development and testing of a fully integrated and controllable 

HINS-light Environmental Decontamination System (Chapters 7 – 10). 

The following is an overview of the breakdown of the chapters and brief description 

of the content of each. 

Chapter 2 (Background and Literature review) discusses light as a decontamination 

technology including the electromagnetic spectrum (UV-light and visible light), light 

properties and the basics of light measurement, comparison of experimental data and 

mathematical models, light-based technologies for microbial inactivation and optical 

radiation safety. A review of microbial infections including hospital-acquired 

infections (HAI) and food and waterborne infections, as well as the problem of 

antimicrobial resistance is detailed.  

Chapter 3 (Microbiological Techniques) provides information on 

the microorganisms, media, methods of microbial enumeration and statistical 

analysis, equipment and microbiological tests used during this study. 

Chapter 4 (Investigation into the use of Pulsed UV-light for Microbial Inactivation) 

investigates the effectiveness of PUV light treatment for inactivation of the bacterial 

species Staphylococcus epidermidis and the yeast species Saccharomyces cerevisiae 

whilst in liquid suspension. PUV-light inactivation of S. aureus using both 

broadband spectrum light and 260 (± 10) nm light is also investigated. 

Chapter 5 (Investigation into the Visible Light Wavelength Sensitivity of Pathogenic 

Bacteria) investigates the wavelength sensitivity of Listeria monocytogenes, 

Staphylococcus aureus including MRSA strains, to visible light, using both 
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broadband and narrowband wavelength ranges, in order to identify the optimal 

bactericidal wavelengths.  

Chapter 6 (Investigation into the use of 405 nm High-Intensity Narrow-Spectrum 

light (HINS-light) for Bacterial Inactivation) reports on the inactivation of 

Staphylococcus aureus, MRSA, Staphylococcus epidermidis and Listeria 

monocytogenes using different  sources of  405 nm HINS-light (an LED array and 

filtered light from a xenon lamp). To expand on the data for L. monocytogenes, dose 

dependence experiments were also carried out in order to determine the critical dose 

for bacterial inactivation. Inactivation of other Listeria species was also investigated. 

This chapter also investigates the inactivation of other foodborne pathogens using 

HINS-light from a 405 nm LED array. The foodborne pathogens used were Listeria 

monocytogenes, Salmonella enteritidis, Shigella sonnei and Escherichia coli 

0157:H7.  

Chapter 7 (Investigation into irradiance distribution of light from an LED light 

engine) describes experimental work that focuses on analysis of the irradiance 

distribution from a single LED array with regard to both angular and linear 

distribution. The Lambertian mode number is also investigated. 

Chapter 8 (Optimisation of the High-Intensity Narrow-Spectrum-light Environmental 

Decontamination System (HINS-light EDS)) describes the development, testing and 

modelling of a fully integrated HINS-light EDS unit. This includes generation of a 

mathematical model for analysis of the light intensity distribution, and studies of 

thermal management options. A new topology for the HINS-light EDS has been 

developed and its light distribution has been studied. Optimal parameters for the 

uniform light distribution have been established including: the Lambertian mode 

number, space distance between light engines, Fresnel lens and diffuser, and light 

engine topology.  

Chapter 9 (Design of the HINS-light Environmental Decontamination System) builds 

upon the EDS design in Chapter 8 and focuses on the mechanical and electrical 

design features and system controllability. A detailed study of light distribution for 

the new prototype HINS-light EDS is also presented. A comparison of components 
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and light distribution for this new prototype HINS-light EDS design versus the initial 

prototype is also reported. Analytical studies involving safety calculations and 

optical risk assessments are also completed. 

Chapter 10 (Application of the New Prototype HINS-light Environmental 

Decontamination System for Inactivation of Pathogenic Bacteria) initially 

investigates the bactericidal effectiveness of an individual 405 nm LED light engine, 

(four of which were used in the final design of the new prototype HINS-light). The 

study then focuses on the use of the complete four light engine prototype HINS-light 

EDS for inactivation of Staphylococcus aureus, Escherichia coli and Listeria 

monocytogenes on agar surfaces. The results presented demonstrate that the 

improved prototype system is effective for inactivation of pathogenic bacteria.  

Chapter 11 (General Conclusions and Recommendations for Future Work) discusses 

the results obtained throughout the study, and proposes potential applications for the 

new prototype HINS-light EDS. Areas of future work are discussed including 

recommendations for further developmental work that could be carried out on this 

novel light-based disinfection technology. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 6 

CHAPTER 2 

2 BACKGROUND AND LITERATURE REVIEW 

2.1 General 

This literature review focuses on the properties of light, the basic principles of light 

measurement, irradiance distribution of light, the accuracy of reconstructions for 

comparison of experimental data and mathematical models, and optical radiation 

safety. Also reviewed is the application of light as a decontamination technology and 

the problem of hospital-acquired infections (HAI) and food and waterborne 

infections.  

2.2 Electromagnetic spectrum 

Electromagnetic radiation is generally divided into 7 regions which consist of radio 

wave, microwave, infrared, visible light, ultraviolet, X rays and gamma rays [2]. 

Ultraviolet (UV) and visible light radiation are a small part of the electromagnetic 

spectrum ranging from 100 – 700 nm, lying between X rays and infrared radiation 

(Fig. 2.1).  Infrared light is electromagnetic radiation with wavelength regions in the 

range of 1 mm to 770 nm, and can be divided into two parts: far-infrared (1.4 – 

1000 m) and near-infrared (770 – 1400 nm) [2, 3]. In the literature review, only UV 

light and visible-light sources will be discussed. 

 

 

 

 

 

Fig. 2.1. Electromagnetic wave spectrum (Adapted from [2]). 
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2.2.1 Ultraviolet light 

Ultraviolet light is electromagnetic radiation with a spectrum which is in the range of 

electromagnetic waves between X-rays and visible light with a wavelength of 

100 nm to 400 nm. Ultraviolet radiation is typically divided into four categories 

according to its biological effects [4]:  

 Vacuum UV (VUV) (100 – 200 nm), can only be transmitted through vacuum 

and is absorbed by almost all substances, and is strongly absorbed by air.  

 UV-C (200 – 280 nm), is also known as the germicidal wavelengths because 

UV-C is effective for inactivation of microorganisms. 

 UV-B (280 – 315 nm), is associated with skin burning which leads to skin 

cancer. 

 UV-A (315 – 400 nm), is normally associated with tanning in human skin.  

Ultraviolet radiation can also be arbitrarily divided into three bands: UV-A, UV-B 

and UV-C, and common ultraviolet band designations is shown in Fig. 2.2 [3].  

 

 

 

 

 

 

 

 

 

Fig. 2.2. Ultraviolet band designations (Adapted from [3]). 
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2.2.2 Sources of Ultraviolet Radiation 

Different types of UV sources have been used for many application including 

disinfection, preservation and sterilization. Generally, UV light sources can be 

divided into two major types: (i) natural UV light sources, and (ii) artificial UV light 

sources. The characteristics and description for each light source will be detailed in 

this section.  

2.2.2.1 Natural UV light 

The Sun emits electromagnetic radiation with a spectrum covering the range from X-

rays to radio waves, and the solar radiation spectrum at high altitude (extraterrestrial) 

is similar to the radiation emitted from a black body source at 6000 K [3, 5]. A small 

part of UV radiation is received at the surface of the earth and this component is 

important in various biological processes. Solar radiation is mostly absorbed by the 

stratospheric ozone layer, around 97  99%, and the minimum wavelength ever 

recorded at sea level was at 284 nm [5, 6]. The radiation energy of UV-A and UV-B 

reaching the earth’s surface is less than 3% of global radiation, and varies with 

altitude (extraterrestrial), position and weather conditions, and has no industrial 

disinfection applications [5]. Although UV-C exists in the extraterrestrial solar 

spectrum, these wavelengths are totally screened out by the stratospheric ozone layer 

[7]. Meanwhile, infrared reaches the earth’s surface, around 55% of the solar 

radiation, and warms the earth [7].  

2.2.2.2 Artificial UV light Sources 

Although ultraviolet radiation can cause lethal effects in all living organisms, ranging 

from prokaryotic bacteria to eukaryotic, plants, animal and humans, ultraviolet 

radiation technology can also be used in processes of disinfection, sterilization and 

preservation to help people obtain a better quality of life. Three types of artificial UV 

light source are reviewed in this section: mercury lamps, excimer lamps and 

flashlamps.  

Mercury Lamps 

The mercury arc lamp is an artificial UV light source which has been commonly 

used in UV disinfection technologies for drinking water and wastewater. Light is 
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produced by an electrical arc discharge between two electrodes that contains a small 

quantity of elemental mercury and an inert gas (e.g. argon), which is enclosed by a 

quartz tube. Mercury lamps can be divided into 2 types: (i) low-pressure mercury arc 

lamps and (ii) medium-pressure mercury arc lamps [8].  

Low-pressure mercury lamps operate at low-pressure, less than 10 torr with a total 

vapour pressure of around 2 mbar, low external temperature (50 – 100 C) and 

produce a sharp emission line with wavelength of 254 nm, which is nearly 

monochromatic emission [8, 9]. Medium-pressure mercury arc lamps produce 

polychromatic wavelengths ranging from far UV to infrared (185 nm to 1367 nm) 

and operate at pressures around 1000 torr [9].  

Excimer Lamps 

The excimer lamp is a non-coherent source of ultraviolet radiation; it is a 

spontaneous emission source which is based on excimer formation and it has the 

ability to produce quasi-monochromatic radiation from ranging the vacuum UV (126 

nm) to the near UV (354 nm) [10]. The basic principle of excimer lamps is based on 

the radiative decomposition of excimers, examples include Ar2 with output emission 

at 126 nm, Kr2 (146 nm), Xe2 (172 nm), KrCl (222 nm) and XeCl (308 nm) [10]. The 

main advantage of excimer lamps is a low surface temperature that permits use with 

heat-sensitive substrates [11].  

Flash Lamps 

The xenon flashlamp, is an alternative UV radiation source that produces pulses of 

broad spectrum light with wavelengths ranging from UV to near-infrared (180 – 

1100 nm) and has a high output in the UV region [12]. The lamp operates with an 

internal xenon pressure of typically 50 – 100 kPa, and the pulse width ranges from a 

few milliseconds to a few microseconds [13]. The high peak power dissipation of the 

flashlamp can reach around 10
7 

– 10
8
 W and it emits pulses of high intensity 

polychromatic light 20,000 times more intense than sunlight at the earth’s surface [12, 

14].   
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2.2.3 Visible light 

Light or visible light, according to the Illuminating Engineering Society of North 

America (IESNA) is defined as “radiant energy that is capable of exciting the human 

retina and creating a visual sensation”, and as a physical quantity, “light is defined in 

terms of its relative efficiency throughout the electromagnetic spectrum lying 

between approximately 380 nm and 780 nm” [2]. Typically, visible-light has 

wavelengths in the range 400 to 700 nm, as shown in Fig. 2.1, but some people have 

the ability to see light wavelengths down to 380 nm or up to 770 nm (Fig. 2.3) [3].  

 

 

 

 

Fig. 2.3. Electromagnetic spectrum in the range of UV to Infrared (Adapted from [3]). 

 

2.2.4 Sources of Visible Light 

This section focuses on the two major types of visible light source, namely, non-

coherent source, such as lamps and light emitting diodes (LEDs) and coherent 

sources (e.g. lasers) [15]. A brief review of these sources is given in the section.  

 

2.2.4.1 Non-coherent 

This light source can be divided into two types: light sources with a continuous 

spectrum, such as incandescent lamps and xenon arc lamps, and light sources with 

their spectrum located in bands, such as gas discharge lamps and xenon lamps [15].  
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Tungsten Lamp and Tungsten halogen Lamp 

The tungsten lamp is a light source which generates light by passing electrical 

current through a filament which causes the filament to heat up to a high temperature 

until it glows. Typically, this lamp has a colour temperature in the range 2,200 – 

3,000 K and produces a continuous emission spectrum with peak wavelength in the 

visible light and near infrared wavelengths [15]. Tungsten halogen lamps typically 

have halogen gas, such as iodine or bromine, filled in a small quartz balloon that 

encloses a wolfram filament. The basic principle of this lamp is based on the 

regenerative cycle of the halogen gas [15].  

Gaseous-discharge Lamp 

The basic principle of this lamp is the use of electrical discharge between two 

electrodes in a gas atmosphere. Commonly, the lamp uses volatile metal such as 

cadmium, zinc, mercury and gallium to generate light based on radiation of the bands 

of each metal [2, 15].  

Xenon Lamp 

Xenon lamps consist of an anode and cathode with a distance ranging from 1 – 

10 mm sealed in a spherical quartz balloon and filled with xenon. This lamp 

produces high luminosity with continuous spectrum ranging from UV to infrared and 

working at high pressure (1000 – 5000 kPa) and temperature around 900 C [2, 15]. 

Light emitting diode (LED) 

A light-emitting diode (LED) is a semiconductor light source. Compared to an 

incandescent light source or a traditional light source, LEDs have more advantages 

such as lower energy consumption, longer lifetime, faster response, environmentally 

friendly, greater durability and reliability, efficiency and vivid colour [16].  

2.2.4.2 Coherent 

An example of a coherent light source is a laser. Laser stands for light amplification 

by the stimulated emission of radiation, and it is monochromatic, directional and 

coherent (spatially and temporally). Lasers emit light within a very tight wavelength, 

or with the exact wavelength, which can be targeted accurately with very high 
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intensity, and is suitable for photodynamic inactivation of bacteria, due to its 

properties [15].  

2.3 Light measurement 

This part of the literature review focuses on light properties and basic principles of 

light measurement. Also reviewed are the irradiance distribution of light, the 

accuracy of reconstruction and optical radiation safety.   

2.3.1 Light properties  

When light falls on a surface, it might be possibly reflected, transmitted, refracted or 

absorbed by the surface. The characteristics and description for each light property 

will be reviewed in this section.  

2.3.1.1 Reflection 

The three main types of reflection when light falls on a surface are specular, spread 

and diffuse reflection [2]. Fig. 2.4 shows an illustration of the three types of 

reflection. A specular reflection (Fig. 2.4a) allows demonstration of the general 

reflection law, as shown in Fig. 2.5. Light falling onto the surface with angle i from 

the normal which is perpendicular to the surface (incident angle) is equal to the light 

reflected away from the surface with angle r from normal (reflected angle) [3, 17]. 

Spread reflection occurs when the light encounters a rough surface, such as 

corrugated, etched, or hammered surfaces [2]. The light may spread parallel rays into 

a cone pattern of reflected rays [2], as shown in Fig. 2.4b. 

 

 

 

 

 

Fig. 2.4. Types of reflection from surface: a) specular reflection, b) spread reflection,  

c) diffuse reflection (Adapted from [2]).  
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Fig. 2.5. Law of reflection(Adapted from [2]).  

 

Diffuse reflection occurs when the light falls onto a matte surface, and the rays will 

appear uniformly bright from every direction [3]. Diffuse reflection (Fig. 2.4c) is 

also known as Lambertian scattering or diffusion [17].  

2.3.1.2 Transmission and Absorption 

When light passes through a filter glass, light transmission varies with wavelength 

and filter glass thickness [3]. According to IESNA, Bouguer's or Lambert's Law is 

defined as “absorption in a clear transmitting medium is an exponential function of 

the thickness of the medium traversed” [2] and can be expressed as follows: 

0 ,dI I e      (2.1) 

0 ,dI I       (2.2) 

where, 

I = intensity of transmitted light (Wm
-2

), 

I0 = intensity of light entering the medium after surface reflection (Wm
-2

), 

α = absorption coefficient (m
-1

), 

τ = transmittance of unit thickness, d = 1 m, (τ is the ratio of the total emitted 

light to the total incident light;  ln   ),  

d = thickness of the medium traversed (m). 
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2.3.1.3 Refraction 

Refraction occurs when light passes through different materials, where the light may 

bend and change its velocity [3]. The incident angle () and the refractive index (n) 

of the material are two factors which cause refraction to occur [3]. The relationship 

between  and n of the material is known as Snell’s law of refraction [2, 3, 17], as 

shown in Fig. 2.6. 

 

 

 

 

 

  

 

 

 

Fig. 2.6. Snell’s Law of refraction (Adapted from [17]).  

 

Snell’s law of refraction can be expressed as follows [2]: 

1 1 1

2 2 2

,
sin v n

sin v n




       (2.3) 

where, 

1= angle of incidence, 

2 = angle of refraction, 

n1 = refractive index of the material 1, 

n2 = refractive index of the material 2, 
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v1 = velocity in the material (ms
-1

) 1, 

v2 = velocity in the material (ms
-1

) 2. 

 

2.3.2 Basic principles of light measurement 

According to IESNA, all radiation from visible light, ultraviolet (UV) and infrared 

(IR) that can be quantified by specific techniques and equipment such as filters, 

diffraction gratings, lenses, prisms and mirrors, is called optical radiation [2]. The 

study of the measurement of optical radiation is also known as radiometry [2]. 

IESNA has defined radiometry as “the science of measuring radiant quantities 

without regard for the visual effects of the radiation” [2]. Meanwhile, photometry 

focuses on the measurement of radiation within the human visual response range of 

380 nm to 780 nm [2]. Quantities, units and symbol used in radiometric and 

photometric quantities are presented in Table 2.1. 

 

Table 2.1 Radiometric and photometric quantities, symbol and units 

  

Quantity Radiometric Quantity Photometric 

Symbol & Units Symbol & Units 

Radiant flux  Watt (W) Luminous 

Flux 
v lumen (lm) 

Radiant 

intensity 

I Wsr
-1

 Luminous 

intensity 

Iv candela (cd), 

lm sr
-1

 

Radiance L Wm
-2

sr
-1

 Luminance  Lv lm m
-2

sr
-1

, cd m
-2

 

Irradiance E Wm
-2

 Illuminance Ev lux (lx), lm m
-2

 

Spectral 

radiance 
E Wm

-2 
nm

-1
 Spectral 

illuminance   

 lm m
-2

 nm
-1

 or 

lx nm
-1

           

 

 

The study and measurement of light is complicated because it involves units of both 

radiometric and photometric quantities. Solid angle and quantities of radiometric and 

photometric are further reviewed and discussed in this section. 
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2.3.2.1 Solid angle 

According to IESNA, solid angle is defined as “the ratio of intercepted surface area 

of a sphere centered on that point to the square of the sphere's radius”, and is 

expressed in steradians [2]. Solid angle is illustrated in Fig. 2.7a. IESNA defines 

steradian as “the solid angle subtending an area on the surface of a sphere equal to 

the square of the sphere's radius” [2]. Fig. 2.7b shows the solid angle value that 

measures 1 steradian (A = r
2
). Solid angle (Ω), in steradians, is the same as surface 

area (A) divided by the square of the radius (r
2
) [3]: 

2
.

A

r
          (2.4) 

 

 

 

 

 

 

 

(a)           (b) 

 

Fig. 2.7. Illustration of solid angle:  a) 1 steradian illustration b) solid angle with value of 1 

steradian (A = r
2
)(Adapted from [3]).  

 

2.3.2.2 Radiant and Luminous flux 

Radiant flux () or power is defined as the flow rate of radiant energy [17], and in 

standard international (SI) units is commonly expressed in Joules per second or 

Watts (Js
-1

 or W) [3, 17]. In the region of visible light, the power measured in 

lumens (lm), is called luminous flux.   
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2.3.2.3 Irradiance and illuminance 

The irradiance is a measure of the light power (or radiant flux) per unit area received 

by a surface [3], and in SI units is commonly expressed in Wm
-2

. The photometric 

flux per unit area or visible flux density - in SI units is typically expressed in lm m
-2

 

or lux – is called illuminance [3].   

 

2.3.2.4 Radiance and luminance 

Radiance is defined as irradiance per unit solid angle, while luminance is 

illuminance per unit solid angle [3]. Radiance and luminance are commonly 

expressed in Wm
-2

sr
-1

 and cd m
-2

 or lm m
-2

sr
-1

, respectively [3]. Radiance indicates 

the amount of power emitted by an optical radiation received by an optical system 

from a certain angle of view, while luminance is correlated well with human 

perception, i.e. how bright the surface will look. 

2.3.2.5 Radiant and luminous intensity 

Radiant intensity is defined as the total flow rate of radiant energy (power) per unit 

solid angle, typically expressed in Wsr
-1 

[3]. Luminous intensity is photometric 

power per unit solid angle, commonly expressed in lm sr
-1

 or cd [3]. 

2.3.2.6 Inverse square law 

IESNA defines the inverse square law as “a law stating that the illuminance E at a 

point on a surface varies directly with the intensity I of a point source and inversely 

as the square of the distance d (m) between the source and the point” [2]. The 

relationship between intensity of a point source and illuminance can be expressed as 

follows [3]: 

2
.v

v

I
E

d
         (2.5) 

If the illuminance of a 20 lm m
-2

 is measured at 100 cm from a light source, the 

illuminance of a 5 lm m
-2

 will be achieved at a distance of 200 cm from the light 

source, as illustrated in Fig. 2.8. Henceforth, Eq. (2.5) could be written as follows [3]: 
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2 2

1 1 2 1 ,v vE d E d            (2.6) 

 

where, 

Ev1 = illuminance at position 1 (lm m
-2

), 

Ev2 = illuminance at position 2 (lm m
-2

), 

d1= distance 1 from light source (m), 

d2= distance 2 from light source (m). 

 

 

 

 

 

Fig. 2.8. Illustration of inverse square law.  

 

2.3.2.7 Lambert’s cosine law 

IESNA defines Lambert’s cosine law as “the law stating that the luminous intensity 

in any direction from an element of a perfectly diffusing surface varies as the cosine 

of the angle between that direction and the perpendicular to the surface element” [2] 

and it can be expressed through Eq. (2.7). From Eq. (2.7), it can be analysed that the 

maximum irradiance or illuminance on an illuminated area is achieved when the 

angle of incidence light is perpendicular to the illuminated area ( = 0) and the 

minimum will be achieved at an angle of 90.   

( ) cos ,E E          (2.7) 

where, 

E   = the irradiance (Wm
-2

) at the viewing angle  = 0, 

E() = the irradiance (Wm
-2

) at the viewing angle  > 0. 



 

 19 

2.4 Irradiance distribution 

As described in Section 2.3.2.7, the Lambert’s cosine law is the irradiance falling on 

illuminated area varies as the cosine of the angle between that direction and the 

perpendicular to the illuminated area [2]. 

Ideally, an LED source that is used in practical applications is a Lambertian emitter, 

and has an irradiance distribution of light represented by a cosine function (see Eq. 

(2.7)). In fact, this depends on a power law due to the encapsulant and semiconductor 

region shapes of a LED source [18]. A practical approximation of the irradiance 

distribution for an LED source is given by [18-21] 

( , ) ( )cos ( ),mE r E r            (2.8) 

where E(r) is the irradiance (Wm
-2

) at distance r between the normal irradiance E0 

and the viewing angle  > 0 and m is the Lambertian mode number, m > 0 (Fig. 2.9).  

The mode number (m) is given by the angle 1/2 (It’s related to the angle at which the 

irradiance has fallen to half power or is defined as “the view angle when irradiance is 

half of the value at 0°”) [18] 

1/2

- ln 2
.

ln(cos )
m


        (2.9) 

Fig. 2.9 shows the irradiance distribution across a horizontal flat surface at position 

A, where p is the distance between a LED source and an irradiance measured, which 

is the projection from the vertical distance (h) of the LED with angle , and r is the 

distance between O (centre) and A. 
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Fig. 2.9. Path of the irradiance distribution across a horizontal surface.   

 

It can be observed from Fig. 2.9 that 2 2 2p r h   and
2 2 1/2

cos  
( )

h h

p h r
  


. Since, 

from Eq. (2.8), the angular distribution of the irradiance is of the form: 

0( ) cosmE E  , then   
2 2

1 2 2
2 2

0

1 ,

m m

E h r

E hh r

 
             

(2.10) 

where E0 is the irradiance (Wm
-2

) at the viewing angle  = 0 which has vertical 

distance between the LED and the perpendicular to the illuminated area (the 

horizontal plane) with length h and E is the angular distribution of the irradiance at 

any point. 

Hence, 
2 2

0 2
1 .

m

r
E E

h



 
  

 
       (2.11) 

Eq. (2.12) is the angular distribution of the irradiance at the point B,

 
2 2

0 2
1 .

m

B
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E E

h
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 21 

As described in Section 2.3.2.6, according to the inverse square law the angular 

distribution of the irradiance at point A can be expressed in the form: 

2 2

2 2 2
.A

B

E s h

E p h r
 


       (2.13) 

At the point A, the vertical component of the irradiance distribution is ( )AE r . This 

value represents the irradiance at any point on the horizontal surface. From Fig. 2.9, 

( )AE r  can be expressed in form: 

 
1 2

2 2
( ) cos( ) .A A A

h
E r E E

h r
 


     (2.14) 

Hence, by substitution, Eq. (2.13) and then Eq. (2.14) can be expressed in form: 

 

 

3
2 2 2

1 22 2 2
2 2

( ) 1 .A B B

h h r
E r E E
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   (2.15) 

Combining Eq. (2.12) and Eq. (2.15):  

 

(3 )
2 2

0 2
( ) 1 .

m

A

r
E r E

h




 
  

 
      (2.16) 

Eq. (2.16) is the generalized Lambert’s cosine law at any point on the horizontal 

surface as a function of r. 

The irradiance given by Eq. (2.16) for a LED can be written in terms of Cartesian 

coordinates (x, y, z) (Fig. 2.10) as follows, 

   

 

(3 )
2 2 2

0 0

0 0 0 2

0

( , , ) ( , , ) 1 ,
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x x y y
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z z




   
  
  

   (2.17) 

or, 

        
(3 )
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0 0 0 0 0 0 0( , , ) ( , , ) ,

m
m

E x y z z z E x y z x x y y z z





        (2.18) 
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where E(x0, y0, z0) is the irradiance (Wm
-2

) at the viewing angle  = 0 . Eq. (2.18) is 

the irradiance over every point (x, y) on the horizontal surface at distance of z from 

the LED, and this equation will be used to predict, estimate and analyse the light 

distribution pattern from LED array. A study of the LED irradiance distribution 

pattern for single LED array will be further discussed in Chapter 7. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10. The irradiance distribution across a horizontal surface in terms of Cartesian 

coordinates (x, y, z). 

 

2.5 The accuracy of reconstruction 

In order to show the accuracy of reconstruction for comparison between 

experimental data and mathematical models, the difference between both of them 

must be compared by calculating the normalized cross correlation (NCC) and root 

mean square (RMS) error [19]. 

To examine the similarity between the pattern of experimental data and mathematical 

model, the normalized cross correlation (NCC) can be applied using Eq. (2.19) [16, 

19, 22, 23].  
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   (2.19) 

where  and  are the relative intensity of the experimental data and mathematical 

model, respectively. is the n-th angular displacement, and the mean values of the 

experimental data and mathematical model across the angular range, labeled  and 

, respectively. If the NCC is higher than 99% [19], the  NCC gives guarantee that 

similarity between the experimental data and mathematical model can be achieved.  

To ensure the accuracy of the difference between the experimental data and 

mathematical model, not only the NCC but also the root mean square (RMS) error 

has been calculated to give guarantee the accuracy of the Lambertian mode number 

(m) resulted from the calculation of curve fit method. The RMS error can be 

evaluated on a range of M points over the domain as follows [19]: 
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( ) ( )

,

M

n m n e

n

P P

RMS error
M

 







     (2.20) 

where again  and  are the relative intensity of the experimental data and 

mathematical model, respectively and is the n-th angular displacement. The 

difference between the experimental data and mathematical model is accurate if the 

RMS error is less than the standard limit of 5% [19]. The RMS demonstrates that if 

the two data sets are compared, the pairwise differences of them can assist as a 

measure how far on average the error is from 0.  

2.6  Optical radiation safety 

Optical radiation sources can have detrimental effects on skin and eyes in several 

different ways. Nine types of hazard to the eye and skin caused by an intense optical 

radiation source have been reported by Sliney [24] as follows: 

eP mP

n

eP

mP

eP mP

n



 

 24 

1. Ultraviolet photokeratoconjuctivitis (also known as “welder’s flash” or 

simply “photokeratitis”, one aspect of “snow-blindness”), occurs in the 

wavelength region 180 – 400 nm. 

2. Ultraviolet cataract occurs in the wavelength region 295 – 325 nm and 

perhaps to 400 nm. 

3. Ultraviolet erythema (“sunburn” or reddening of the skin), occurs in the 

wavelength region 200 – 400 nm. 

4. Skin cancers, mostly within UV-B region in the range 280 – 315 nm but also 

revealed for UV-A in the wavelength region 315 – 400 nm. 

5. Thermal injury to the retina commonly arises within wavelengths ranging 

from 400 nm to 1400 nm.  

6. Blue-light photochemical injury to the retina, principally occurs in the blue 

light region ranging from 400 nm to 550 nm. 

7. Near-infrared thermal hazard to the lens, (with potential detrimental effect of 

industrial heat cataract) can occur within the near-infrared region ranging 

from 800 nm to 3000 nm.  

8. Thermal injury of the cornea and conjunctiva can occur in the wavelength 

around 1400 nm to 1 mm. 

9. Thermal injury of the skin can occur in the wavelength around 400 nm to 1 

mm. 

Other factors that can become potential hazards of a light source are also reported by 

Sliney [24] and include lamp envelope and filtration, source size and distance, source 

uniformity, source stability, aging characteristic, temperature and environmental 

sensitivities, and radiant efficiency.  

2.6.1 Exposure limit guidelines 

The American Conference of Governmental Hygienists (ACGIH) is one group that 

have recommended occupational or public exposure limits (ELs) for optical radiation 
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(i.e., ultraviolet (UV), visible light and infrared (IR) radiant energy). Exposure limits 

(ELs) are also known as ‘Threshold Limit Values’ or TLVs [24].   

The International Commission on Non-ionizing Radiation Protection (ICNIRP) has 

published guidelines on limits of exposure to broadband incoherent optical radiation 

in the wavelength region 0.38 to 3m. Its main goal was to determine the principles 

of protection against visible and infrared radiation emitted by broadband, 

conventional, non-laser sources (including LEDs) [25].  

As described in Section 2.10, wavelengths within 180 – 400 nm (UV region) can 

cause hazards to the eye and skin, such as photokeratitis, ultraviolet cataract, 

ultraviolet erythema and skin cancers. To prevent detrimental effects caused by UV 

radiation, ICNIRP has published guidelines on limits of exposure to UV radiation 

(180 – 400 nm) for incoherent optical radiation [26]. Both ACGIH and ICNIRP 

collaborate with the World Health Organization (WHO) to develop guidelines on 

limits of human exposure to establish the safety criteria for optical radiation [24]. 

 

 

 

 

 

 

 

Fig. 2.11. Retinal hazard spectral weighting functions in the wavelength region  
300 – 700 nm (Adapted from [24, 25]). 

 

Fig. 2.11 demonstrates retinal hazard spectral weighting as a function of wavelength 

between 300 nm and 700 nm. The graph shows that the peak wavelengths for the 

blue-light hazard function B() and retinal thermal hazard function R() are between 
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435 nm and 440 nm, and for the aphakic hazard function A() within the wavelength 

region 300 – 335 nm. Miller et al. have described that the difference between the 

blue light hazard function and the aphakic function are that these functions are used 

for eyes with an intact natural lens and with the normal lens removed, respectively 

[27]. 

According to ICNIRP the exposure limits (ELs) for retinal thermal hazards in the 

wavelength region 380 – 1400 nm are defined as follows [25]: 

 
 

 
 -2 -1 -2 -1

0.5 0.5

50 5
in kWm sr in Wcm sr ,HAZ HAZL or L

t t 
   (2.21) 

where, 

LHAZ = the exposure limit for hazardous radiance, 

α = function of angular subtense of the source (the mean light source 

dimension DL divided by the viewing distance r, as shown in 

Fig. 2.12) in radians, 

t = exposure duration (in seconds) for the condition 10 s ≤ t ≤ 10 s.  

 

According to ICNIRP, the exposure limit for hazardous radiance is termed LHAZ and 

is defined as “a function of the angular subtense of the source (α) in radians (the 

mean light-source dimension DL (Fig. 2.12) divided by the viewing distance r) and 

the exposure duration (t) in seconds for the condition 10s ≤ t ≤ 10 s: LHAZ = 

50/αt
0.25

 (Wcm
-2

sr
-1

)” [25].  

ICNIRP has also mentioned that the exposure limit for retinal thermal hazard in the 

wavelength region 380 – 1400 nm can be calculated as follows [25]:  

 
1400

380

( ) HAZL R L    ,       (2.22) 

where L is the weighted spectral radiance of the light source (Wm
-2

sr
-1

nm
-1

), R() is 

the retinal thermal hazard function and  is the measurement interval (nm) [25]. 
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Fig. 2.12. The retinal image size (dr) can be calculated based upon ( )r Ld D f r , where f 

is the effective focal length of the eye in air and r is the viewing distance from the light 
source (Adapted from [24, 25]).  

 

For protection of the retina against photoretinitis, ICNIRP has stipulated that the 

exposure limit for blue-light photochemical retinal hazard in the wavelength region  

300 – 700 nm can be calculated as follows [25]: 

 
700

-2 -1

300

( ) 100Jcm sr effective ,BL t L B t        (2.23) 

or 

 
700

-2 -1

300

( ) 100Jcm sr effective ,BL L B        (2.24) 

where, 

LB  = the effective blue light radiance, mWcm
-2

sr
-1

 or Wm
-2

 sr
-1

, 

L  = spectral radiance from measurement, mWcm
-2

sr
-1

nm
-1

 or Wm
-2

 sr
-1

nm
-1

, 

B() = blue-light hazard function (unitless), 

  = measurement intervals (nm), 

t  = exposure time (s). 
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The effective blue light irradiance must not exceed 10 mWcm
-2

sr
-1

 (LB ≤ 10 mWcm
-

2
sr

-1
 (effective)) and the exposure time maximum for protection of the retina against 

photoretinitis can be calculated as follows [25]: 

 
-2 -1

max

100 Jcm sr
effective .

B

t
L

      (2.25) 

Eq. (2.24) is used for normal healthy eyes, for the eye with the normal lens which 

has been removed by cataract operation – referenced as aphakic eye, Eq. (2.24) can 

be rewritten as follows [25]: 

 
700

-2 -1

300

( ) 100Jcm sr effective ,AL L A        (2.26) 

where L is the weighted spectral radiance of the light source (Wm
-2

 sr
-1

nm
-1

), A() 

is the aphakic hazard function and  is measurement intervals (nm). For protection 

of the skin or eye against ultraviolet radiation (UVR) in the wavelength region 180 – 

400 nm, ICNIRP has indicated that radiant exposure of UV to the unprotected eye(s) 

or skin should not exceed 3 mJcm
-2

 (at 270 nm) effective spectrally weighted factors 

based on Fig. 2.13 [26].  

 

 

 

 

 

 

 

 

Fig. 2.13. Relative spectral effectiveness, S() and UV exposure limits (ELs)  
(Adapted from [26]).  
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To determine the effective irradiance (Eeff) of a broadband source, ICNIRP has 

defined the equation that should be used to calculate Eeff
  
as follows [26]: 

400

180

( )effE E S    ,       (2.27) 

where, 

Eeff  = effective irradiance in mWcm
-2

 or Wm
-2

, normalised to a monochromatic 

source at 270 nm, 

E  = spectral irradiance from measurements in mWcm
-2

nm
-1

 or Wm
-2

nm
-1

, 

S() = relative spectral effectiveness (unitless) (Fig. 2.13), 

  = measurement intervals (nm). 

Guidelines on limits of exposure to ultraviolet radiation for unprotected eye(s) or 

skin should be calculated using the relation Eq. (2.26), and example calculations of 

exposure time maximum for safety reasons are summarised in Table 2.2.  

 

Table 2.2 Guidelines on limits of exposure to ultraviolet radiation (Adapted from [26])  

  

Permissible exposure time per day Eeff (Wm
-2

) 

8 hours 0.001 
4 hours 0.002 

2 hours 0.004 

1 hours 0.008 

30 min 0.017 

15 min 0.033 

10 min 0.05 

5 min 0.1 

1 min 0.5 

30 s 1.0 

10 s 3.0 

1 s 30 

0.5 s 60 

0.1 s 300 
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2.6.2 Photopic curve 

As described in Section 2.3.2, photometric quantities correlate with the measurement 

of radiation from human visual response in the range 380 nm to 780 nm [2]. The 

sensitivity of the eye depends on wavelength as shown in the photopic curve of 

Fig. 2.14.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14. Eye sensitivity function, V() and luminous efficacy based on Commission 
Internationale de l’Eclarage (CIE) 1988 (Adapted from [28-30]).  

 

According to ICNIRP, illuminance (Ev) can be calculated from irradiance 

measurement using Eq. (2.28). 

780

380

683 ( ) ,vE V E         (2.28) 

where V() is the CIE photopic luminous efficiency function (CIE 1988) (Fig. 2.14), 

E is spectral irradiance from measurements in mWcm
-2

nm
-1

 or Wm
-2

nm
-1

,  is the 

measurement interval (nm) [25], and luminance (Lv) is defined as illuminance (Ev) 

divided by solid angle of the source , Ω [25]: 
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.v
v

E
L 


        (2.29) 

 

2.7 The problem of microbial infections 

Microbial infection, and the illnesses which can result, are an increasingly important 

global health issue and such illness can be acquired by ingesting contaminated 

foodstuff/water, or by transmission from infected sources in the clinical environment. 

As such, a review of the problem of hospital-acquired  and food and waterborne 

infections are given in this section, along with a discussion about the antimicrobial 

properties of light and how light-based technologies can be utilised for 

decontamination applications to help reduce the incidence of microbial infections. 

 

2.7.1 Hospital-acquired infections (HAI) 

Hospital-acquired infections (HAI), also termed nosocomial infections, “are 

infections transmitted to patients (and healthcare workers) as a result of healthcare 

procedures, in hospitals and other healthcare settings” [31], the World Health 

Organization (WHO) defines these as “infections acquired during hospital care 

which are not present or incubating at admission” [32]. The World alliance for 

patient safety has mentioned that over 1.4 million people worldwide are suffering 

from HAI, and around 5% to 10% of patients admitted to modern hospitals in the 

developed world acquire one or more infections [33]. The comparative risk of HAI 

in developing countries compared to developed countries is 2 to 20 times more; with 

the percentage rising to more than 25% in some developing countries [33]. In the 

United States, it is estimated that around two million cases, and about 80,000 deaths 

a year, are caused by an infection in hospital [33]. In the UK, the Parliamentary 

Office of Science and Technology (POST) reported that there are an estimated 

300,000 cases and over 15,000 deaths per year caused by HAI [31].  

In the UK the estimated cost of HAI is around £1 billion per year [31, 34, 35] and in 

the United States, the estimate is between US$ 4.5 billion and US$ 5.7 billion per 

year [33]. 
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Nosocomial infections can be caused by a variety of microorganisms. The most 

common nosocomial pathogens are listed in Table 2.3. 

 

Table 2.3 Common nosocomial pathogens (Adapted from [32]) 

Gram (+) 

Bacteria 

Gram (-) 

Bacteria 
Viruses 

Parasites and 

Fungi 

Clostridium Escherichia coli Hepatitis B Giardia lamblia 

Staphylococcus 

aureus 

Proteus Hepatitis C Candida albicans 

beta-haemolytic 
streptococci 

Klebsiella Respiratory Syncytial Virus 
(RSV) 

Aspergillus spp 

 Enterobacter Rotavirus Cryptococcus 

neoformans 

 Serratia 

marcescens 

Enteroviruses Crypto sporidium 

 Pseudomonos spp Cytomegalovirus Sarcoples scabies 

 Legionella HIV  

  Ebola  

  Influenza virus  

  Herpes simplex virus  

  Varicella-zoster  

 

 

Antimicrobial resistance is a significant factor associated with the rise in hospital-

acquired infections. Antimicrobial agents are synthetic or natural substances used to 

kill bacteria, viruses and other microorganisms or to stop them growing and 

multiplying [31, 36, 37]. These substances are generally used to improve public 

health by reducing the number of infectious diseases in human and veterinary 

medicine for instance in the form of antibiotics [38].  

Microbial resistance to antibiotics is a natural biological phenomenon that has proven 

to be problematic in the treatment of patients. The main factors increasing microbial 

resistance to antibiotics can be divided into four categories: (i) over prescription of 

antibiotics, (ii) pattern of antibiotic use – patients do not complete their course of 



 

 33 

prescribed antibiotic, (iii) using leftover antibiotics to self-medicate against a fresh 

infection, and (iv) the indiscriminate use of antibiotics in livestock [31]. 

The most notable example of an antibiotic-resistant microorganisms is meticillin-

resistant Staphylococcus aureus (MRSA). This organism is often resistant to several 

antibiotics in addition to the penicillinase-resistant penicillins and cephalosporins, 

and another form of antibiotic-resistant S. aureus, vacomycin-resistant S. aureus 

(VRSA), is resistant to vancomycin and teicoplanin [31, 32], making infections 

caused by these organisms increasingly difficult to treat.  

 

2.7.2 Food and waterborne infections 

Food and waterborne infections are caused by consumption of food and water 

contaminated with bacteria, viruses and parasites. Rapid globalization of food 

production and trade causes the increasing problem of foodborne diseases. Many 

outbreaks of foodborne diseases have been reported worldwide, and the US Centre 

for Disease Control and Prevention (CDC) reported that around 76 million cases of 

foodborne diseases, resulting in 325,000 hospitalizations and 5,000 deaths, are 

estimated to occur each year in the US [39]. The World Health Organization (WHO) 

has also declared that food-borne disease is growing and becoming a serious public 

health problem in both developed and developing countries [40].  

One example of a significant food-borne illness is Listeriosis. Listeriosis is caused by 

Listeria monocytogenes, a bacterium commonly found in soil and water. Foodborne 

listeriosis is a relatively uncommon infection but has a high case fatality rate, in the 

range 20 to 30%  [39]. The WHO and the Food and Agriculture Organization of the 

United Nations (FAO) reported that there are two main categories of listeriosis: 

invasive listeriosis and non-invasive listeriosis [41]. Serious problems of invasive 

listeriosis that occur in adults are septicema, meningitis, enceplalitis, abortion, or 

stillbirth [42]. Non-invasive foodborne listeriosis causes diarrhoea, fever, headache 

and myalgia [41].  

The main cases of human listeriosis occur among pregnant, elderly, and 

immunosuppressed individuals [43]. McLauchlin et al. reported that 91 cases of 
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pregnancy associated listeriosis in England and Wales during 1995-1999, had a death 

rate of 28.24%, including miscarriages, stillbirths, and neonatal deaths [44].   

Major outbreaks of listeriosis are associated with ready-to-eat (RTE) foods, and one 

example was in the United States where around 101 cases of illness and 21 deaths 

occurred after consumption of contaminated hot dogs [45]. Outbreaks of listeriosis 

associated with RTE foods, reported in several locations during 1980-1999, are 

summarised in Table 2.4 [46]. 

 

Table 2.4 Summary of listeriosis outbreak associated with RTE during 1980-1999  

(Adapted from [46]) 

Place 
Total 

cases 

Perinatal 

(%) 

Fatality 

rate (%) 
Food source 

Maritime Provinces of 

Canada 

41 83 34 Coleslaw 

New England 49 14 29 Pasteurised milk 

Switzerland 57 9 32 Soft cheese 

Western United States 142 65 34 Mexican-style 

cheese 
Pennsylvania 36 11 44 Unknown 

Connecticut 10 20 10 Shrimp 

Italy 39   Rice salad 

France 38 82 32 Rillettes (pork) 

Illinois 45   Chocolate milk 

Italy 1566   Corn salad 

United States 101 12 21 Hot dogs, deli meats 

France 32 28 31 Pork tongue 

 

Waterborne diseases are also a significant global problem.  Most waterborne diseases 

cause diarrhoea, and around 88% of cases of diarrhoea worldwide are related to 

unsafe water, inadequate sanitation or insufficient hygiene, and these cases result in 

1.5 million deaths each year, commonly children [47]. During the period 1992 – 

2003 in England and Wales, around 4300 people were affected by waterborne 

infectious intestinal disease with 89 outbreaks being involved: 24 outbreaks (27%) 

associated with public water supplies, 25 outbreaks (28%) associated with private 

water supplies, 35 outbreaks (39%) associated with swimming pools, and other 

sources were implicated in the five other outbreaks (6%). The microorganisms 
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associated with these outbreaks were Cryptosporidium (69%), Campylobacter sp. 

(14%), Giardia (2%), E. coli O157 (3%) and Astrovirus (1%) [48].  

In the United States over the period 1999 – 2000, 39 outbreaks associated with 

drinking water were reported by 25 states, with one of these outbreaks affecting 10 

states. These were estimated to have caused around 2,000 illness cases and two 

deaths [49]. A study by Yoder et al. reported 78 cases of waterborne-disease 

outbreaks associated with recreational water in 31 states during 2005 – 2006, 

affecting approximately 4,500 individuals, and resulting in 116 hospitalizations and 

five deaths [50]. 

Three common waterborne diseases in the United States are Legionnaires’ disease, 

cryptosporidiosis and giardiasis, as reported by the Center for Disease Control and 

Prevention in 2010 [51]. The total estimated costs for these diseases were $154 – 539 

million, containing around $44 – 147 million in direct government payment for 

Medicare and Medicaid. Estimated annual costs for giardiasis are about $16 – 63 

million, cryptosporidiosis is $37 – 145 million and Legionnaires' disease is around 

$101 – 321 million [51]. Some common sources of food and waterborne diseases or 

illness are listed in Table 2.5. 

2.8  Bactericidal properties of light 

Decontamination is a process that removes or destroys hazardous substances from 

contaminated objects or materials, in order to prevent adverse effects on health or the 

environment. Ultraviolet (UV) and visible light radiation can react with 

microorganisms directly to provide the effect of decontamination. The use of light 

technologies for decontamination applications within areas such as the hospital 

environment, the food industry, public buildings, water and agricultural plants is not 

new. However, renewed interest in the development of light-based technologies for 

the inactivation of microorganisms is growing. This is due to the need for 

complementary and/or alternative solutions to enhance the decontamination 

procedures already in use in clinical and industrial applications in order to reduce the 

incidence of microbial infection. UV light and visible-light for microbial inactivation 

will be discussed in this section. 
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Table 2.5 Microorganisms commonly associated with food and waterborne illness 

Foodborne illness Waterborne illness 

Bacteria Virus Bacteria Virus 

Campylobacter jejuni Enterovirus Clostridium botulinum Adenovirus 

 Hepatitis A Campylobacter jejuni Astrovirus 

Salmonella spp Hepatitis E Vibrio cholerae Calicivirus 

Escherichia coli Norovirus Escherichia coli 
Enteric 

Adenovirus 

Bacillus cereus Rotavirus 
Mycobacterium 

marinum 
Parvovirus 

Listeria monocytogenes Fungi/Yeast Shigella Coronavirus 

Shigella spp Fusarium spp Salmonella Hepatitis A 

Staphylococcus aureus Rhodotorula spp Legionella pneumophila Poliovirus 

Clostridium perfringens  Botrytis spp 
 
Vibrio cholerae 

Polyomavirus 

 Aspergillus spp  Fungi/Yeast 

Vibrio parahaemolyticus Brettanomyces spp  Aspergillus 

 Candida spp 

Vibrio parahaemolyticus 

Yersinia enterocolitica 

Yersinia 

pseudotuberculosis 

Alternaria 

Yersinia enterocolitica Zygosaccharomyces spp Parasites Cladosporium 

Yersinia pseudotuberculosis Rhizopus stolonifer Schistosoma Epicoccum 

Brucella spp. Saccharomyces bailii Dracunculus medinensis Philaphora 

Clostridium botulinum Debaryomyces spp Taenia Phoma 

Parasites Peniciillium spp Fasciolopsis buski Ulocladium 

Diphyllobothrium sp. Byssochlamys spp Hymenolepis nana Actinomycetes 

Nanophyetus sp.  
Echinococcus 

granulosus 
Cyanobacteria 

Taenia saginata  Ascaris lumbricoides Candida albicans 

Taenia solium  Enterobius vermicularis 
Geotrichum 

candidum 

Fasciola hepatica  Entamoeba histolytica  

Anisakis sp.  
Cryptosporidium 

parvum 
 

Ascaris lumbricoides  Cyclospora cayetanensis  

Eustrongylides spp  Giardia lamblia  

Trichinella spiralis  Microsporidia  

Trichuris trichiura    

Acanthamoeba    

Cryptosporidium parvum    

Cyclospora cayetanensis    

Entamoeba histolytica    

Giardia lamblia    
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2.8.1 UV light for microbial inactivation 

UV energy radiation can be used for inactivation of microorganisms, and it depends 

on the exposure time and amount of energy radiation. The UV radiant exposure (UV 

dosage) has been defined as follows [11, 52]: 

,UV Dose I t         (2.30) 

where I is the irradiance of UV light in Wcm
-2

,  t is exposure duration in seconds and 

the radiant exposure (UV dose) in Jcm
-2

.  

The effect of UV light on microbial inactivation varies. A study by Guerrero-Beltrán 

et al. mentioned that wavelengths of UV radiation ranging between 220 nm and 300 

nm is also germicidal against microorganisms, where the highest germicidal effect is 

obtained in the range 250 nm and 270 nm [53]. In these ranges, the wavelengths are 

effective to inactivate microorganisms such as bacteria, viruses, protozoa, moulds 

and yeasts and algae [53]. Meanwhile, a study by Chang et al., which used UV 

radiation at wavelength of 254 nm, reported that most of the vegetative bacteria 

tested, including Escherichia coli, Staphylococcus aureus, Shigella sonnei, and 

Salmonella typhi, demonstrated similar resistance to UV irradiation, with a 3-log10 

reduction (99.9%) at around a dose of 7 mJcm
-2

. They also compared the response of 

poliovirus and rotavirus to UV irradiation, and they exhibited three to four times 

more resistance than the vegetative bacteria [54].  

It is difficult to directly compare the doses of UV light required for inactivation of 

microorganisms due to issues such as the difficulties in measuring UV dose 

accurately, and also because microorganisms vary in their response to UV irradiation 

depending on the type of microorganism, the growth medium, the culture period and 

influences of the plating methods [54].  

Table 2.6 gives examples of the response of microorganisms to UV irradiation, with 

differences in inactivation rates (i.e. the same microbial species resulting in different 

log reductions with the same UV dose, or vice versa) likely to be associated with the 

above reasoning.  
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Table 2.6  Examples of microbial inactivation using continuous UV sources 

Microorganisms UV source 

lamp 

Dose (mJcm
-2

) Log10 

Reduction 

Reference 

Escherichia coli 

 

 

 

Staphylococcus aureus 

Shigella sonnei 

Streptococcus faecalis 

Salmonella typhi 

low-pressure 

medium-pressure 

Not stated 

low-pressure 

Not stated 

Not stated 

Not stated 

Not stated 

10 

10 

8 

8 

8 

8 

11 

9 

5 

5.2 

3 

3.5 

3 

3 

3 

5 

[9] 

[9] 

[54] 

[55] 

[54] 

[54] 

[54] 

[54] 

Encephalitozoon 

intestinalis spores 

 

low and medium 

pressure 

low and medium 

pressure 

6 

 

3 

> 3.6 

 

1.6-2 

[56] 

 

[56] 

Cryptosporidium 

parvum oocyst 

 

 

Acanthamoeba cysts 

low and medium 

pressure 

low and medium 
pressure 

Not stated 

3 

 

>25 

 

70 

2-2.9 

 

3 

 

2 

[56] 

 

[57] 

 

[54] 

Bachillus subtilis 

 

 

 

 

Bachiluus anthracis 

S. aureus phage 

Adenoviruses 

 

Poliovirus 

Rotavirus 

low-pressure 

low-pressure 

low-pressure 

Xel* excilamp 

Not stated 

low-pressure 

low-pressure 

low-pressure 

medium-pressure 

Not stated 

Not stated 

60 

50 

40 

20-25 

78 

60 

30 

123 - 182 

65 - 90 

20 

25 

4 

3 

4 

4 

4 

3.5 

3.5 

4 

4 

3 

3 

[58] 

[55] 

[59] 

[59] 

[54] 

[58] 

[55] 

[60] 

[60] 

[54] 

[54] 
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Microbial inactivation using Pulsed-UV (PUV) has been used for decontamination 

applications, and is a potential  alternative to continuous UV-light decontamination 

technologies as continuous UV-light has disadvantages due to low penetration and 

low emission power.  

The high peak power dissipation of PUV can reach around 35 MW, while the 

emission power of continuous UV-light sources is in the range of 100 to 1,000 W [14, 

52, 54]. PUV is a non-thermal technology which uses short duration high-energy 

pulses of broad-spectrum white light. It has been applied for food processing 

applications with a dose of around 0.01 to 50 Jcm
-2

 per 1 pulse at the surface of the 

material to be sterilized, and pulse duration ranging from 1 s to 0.1 s, typically 1 to 

20 pulses per second [14, 61]. 

The effectiveness of PUV-light for inactivation of bacteria, viruses, fungi, protozoa, 

fungi and yeasts is well documented [13, 14, 61-65]. A study by Wekhof et al. 

demonstrated Aspergillus niger spore inactivation resulting in 4.8-log10 reduction, 

with UV dose at 1 Jcm
-2

 (equivalent to 5 pulses) [66]. Lamont et al. reported that 

poliovirus and andenovirus can be inactivated by around 4-log10 reduction and 1-

log10 reduction with 10 pulses at a dose of 12 mJcm
-2

, respectively [13]. McDonald 

et al. also reported that about 5.5-log10 reduction in aqueous suspension and 3-log10 

reduction on surfaces of Bacillus subtilis can be achieved by a UV dose of 44 mJcm
-2

 

and 8 mJcm
-2

, respectively [67]. Gomez-Lopez et al. has also reported the effect of 

PUV-light technology for microbial inactivation and detailed data for this report are 

summarised in Table 2.7 [68]. 

2.8.2 Mechanism of UV Inactivation 

The UV light radiation which is most effective for inactivation of microorganisms is 

UV-C [69], and UV-C is also known as ultraviolet germicidal irradiation (UVGI). It 

has the ability to alter the deoxyribonucleic acid (DNA) molecules and, consequently, 

prevent cell replication which ultimately causes cell death. The wavelengths in the 

range between 250 nm and 270 nm have the highest germicidal effect on 

microorganisms [53, 69],  and this is the reason for the frequent use of low-pressure 
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mercury lamps (which have a peak at 254 nm) for the surface decontamination of 

foods, liquid food products and water [53, 70-72].   

Table 2.7 Summary of the effect of PUV-light technology for microbial inactivation  

(Adapted from[68]) 

Microorganism No. of Pulses 
Pulse 

Intensity (J) 

Log10 

reduction 

Gram-positive bacteria 

   Alicyclobacillus acidoterrestris  50 7 >5.2 

Bacillus circulans  50 7 >4.1 

Brochotrix thermosphacta 50 7 3.1 

Lactobacillus sake 50 7 2.5 

Leuconostoc mesenteroides  50 7 4 

Bacillus cereus 50 7 >3.0 

Clostridium perfringens  50 7 >2.9 

Listeria monocytogenes  50 7 2.8 

Staphylococcus aureus  50 7 >5.1 

Gram-negative bacteria 

   Photobacterium phosphoreum  50 7 >4.4 

Pseudomonas fluorescens  50 7 4.2 

Shewanella putretaciens 50 7 3.9 

Aeromonas hydrophila  50 7 2.3 

Escherichia coli  50 7 4.7 

Salmonella typhimurium  50 7 3.2 

Shigella flexnii  50 7 3.8 

Yersinia enterocolitica  50 7 3.9 

Enterobacter aerogenes 50 7 2.4 

Klebsiella oxytoca  50 7 4.2 

Yeasts 

   Candida lambica 50 7 2.8 

Rhodotorula mucilaginosa  50 7 >2.8 

Fungi 

   Aspergillus flavus  50 7 2.2 

Botrytis cinerea 50 7 1.2 
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The absorbed ultraviolet light can cause two major types of DNA lesions, 

cyclobutane–pyrimidine dimers (CPD) and 6–4 photoproducts (6–4PP), and these 

make up around 75% and 25% of DNA damage products, respectively [73]. CPD and 

6–4PP induce distortion in the DNA helix, and consequently cause bends or kinks in 

the DNA of 7 – 9 and 44, respectively [74, 75]. If DNA lesions are unrepaired they 

can disrupt DNA transcription and replication, resulting in the misreading of genetic 

code, causing mutations and cell death [74].  

2.8.3 Mechanisms of UV Repair 

Microorganisms have the ability to repair UV-induced DNA damage from exposure 

to UV radiation from natural sunlight.  Two main types of repair mechanisms used to 

compensate for the damaging effects of UV radiation are light-independent (dark-

repair) and light-dependent (photoreactivation) [9, 74].   

2.8.3.1 Dark-repair Mechanisms 

In light-independent, or dark-repair, mechanisms the process may not directly 

reverse DNA damage caused by UV radiation but it involves numerous proteins and 

enzymes replacing the damaged DNA with new, undamaged nucleotides [9, 74].  

Two major types of dark-repair mechanisms are base excision repair (BER) and 

nucleotide excision repair (NER) [74].    

BER repairs the oxidative DNA damage that occurs in both the cell nucleus and 

mitochondria [76]. NER has an important role in the repair of DNA damage and 

involves a complex pathway which removes a wide variation of DNA distorting 

lesions, including CPD thymine dimers and 6-4PP [74, 75, 77]. NER utilises around 

30 gene products to remove damage- from cellular DNA [74, 78].  

2.8.3.2 Photoreactivation 

In contrast to dark-repair mechanisms, photoreactivation is a light-dependent process 

that requires the energy of light to reverse the DNA damage caused by UV radiation 

[9]. The specific wavelengths of light required for the photorepair process are near 

UV-visible light in the range 300 – 500 nm [9, 79]. Photolyase is the enzyme 

responsible for removing DNA lesions caused by UV radiation. Many 

microorganisms use CPD photolyase or 6–4 photolyase to repair DNA damage [75]. 
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CPD photolyases can be found in bacteria, fungi, plants, invertebrates and many 

vertebrates, while 6-4 photolyases can be identified in Drosophila, silkworm, 

Xenopus laevis and rattlesnakes, but not in E. coli or yeast [75]. Photolyases are 

absent in humans [80, 81].  

Photoreactivation and dark-repair mechanisms can be used to reverse the formation 

of a dimer. Formation of PRE-dimer complex, and the subsequent release of PRE 

(Photoreactivating Enzyme) and the repaired DNA molecule has been suggested as a 

two-step reaction for photoreactivation, and is summarised in Fig. 2.15 [82].  

 

 

 

 

Fig. 2.15. Two-step reaction scheme for photoreactivation (Adapted from [82]). 

 

UV-A wavelengths can be involved in a phenomenon called concomitant 

photoreactivation. This mean that these wavelengths have both the potential to cause 

oxidative damage to microbial cells, but also have the potential to photorepair UV-

induced lesions in the DNA [83].  

2.8.4 Visible light for microbial inactivation: Photodynamic inactivation 

As with UV-light radiation, visible light can also be used for inactivation of 

microorganisms. Photodynamic inactivation (PDI), also known as photodynamic 

therapy (PDT), is a process involving the use of a non-toxic dye or photosensitizer in 

combination with  particular wavelengths of light (usually visible) in order to induce 

a phototoxic reaction, typically via the production of singlet oxygen (
1
O2), which 

causes microbial cell death  [15, 84-86].  

Photodynamic activity of chemical compounds towards microorganisms has been 

known for over 100 years. Nevertheless, since antibiotics were discovered by 
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Alexander Fleming in 1928 and mass produced (penicillin) by H. Florey and 

E. Chain in the 1940s, antimicrobial photodynamic therapy began to be forgotten 

[87]. The rapidly increasing emergence of antibiotic resistant microorganisms has 

driven research into the development of new antimicrobial strategies, such as the use 

of PDI, as alternative antimicrobial treatments. Both Gram-positive and Gram-

negative bacteria are killed with this process [85, 87].  

In general, PDI uses the combination of a photosensitizing substance and light (either 

visible or UV) to produce singlet oxygen and other oxidising products, which results 

in cell death [87]. ]. An advantage of PDI for medical antimicrobial therapy, is that 

the photosensitizer and the light irradiation can be directed straight into the target 

tissue or lesion [85]. 

Even though UV-light tends to be more bactericidal than visible light, visible light 

(with or without photosensitisers) has safety advantages which means that it can be 

used for applications that might not be suitable for UV-light. 

2.8.5 Porphyrins 

Porphyrins are natural molecules that have a broad use in biological processes such 

as oxygen transport, photosynthesis, catalysis and pigmentation [88]. Porphyrins can 

also act as photosensitising molecules. The basic structure of porphyrins is a 

porphine macrocycle that has the configuration of a 16-atoms ring containing 4 

nitrogen atoms, obtained from 4 tetrapyrrolic (C4H5N) subunits linked by 4 methine 

bridges (=CH-) [88], as shown in Fig. 2.16. 

Porphyrins can absorb light within the UV and visible spectrum [88] and act as 

photosensitising molecules. Light wavelengths of approximately 400 nm are 

absorbed well by porphyrin molecules, and this absorption peak is known as the 

Soret band. Porphyrins also have several smaller absorption peaks at longer 

wavelengths, known as Q bands, although these are much weaker [88]. The high 

absorption peak at 400 nm indicates that porphyrin molecules are very suitable for 

photodynamic inactivation using light sources with light emission in the region of 

400 nm .  
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Fig. 2.16. Basic structure of porphyrins, porphine macrocycle (Adapted from [88]) 

Many porphyrin molecules within biological systems have metal atoms or ions (iron, 

nickel, zinc, copper, cobalt) inserted in the centre of the macrocycle forming 

metalloporphyrins. Metalloporphyrins are not suitable for photodynamic inactivation 

reactions as the metal rapidly quenches any singlet oxygen that is produced. 

2.8.6 Mechanisms of Photodynamic Inactivation 

Three main factors required for photodynamic inactivation reactions are the 

photosensitiser, light of an appropriate wavelength, and molecular oxygen [89]. An 

illustration summarising photodynamic inactivation reactions is shown in Fig. 2.17. 

The process involves absorption of light energy by the photosensitizer. This excited 

photosensitizer then reacts with molecular oxygen to form the highly reactive singlet 

oxygen (
1
O2), which then causes oxidisation within the cell, and consequently, cell 

damage or death [89].  

 

 

 

 

Fig. 2.17. An illustration of photodynamic inactivation processes (Adapted from [89]). 

 

Absorption of light energy of the appropriate wavelength excites the photosensitizer 

molecule to the triplet state. The triplet state photosensitizer can then follow one of 

two pathways for photodynamic inactivation to occur: these are known as Type I and 
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Type II reactions, and both require the presence of oxygen [85]. Fig. 2.18 shows the 

photosensitization mechanisms involved in Type I and Type II photodynamic 

inactivation reactions. It can be seen that when the photosensitizer molecule absorbs 

the light and is excited from its initial ground state (S0) into an exited state (S1) there 

are three potential things that can occur : (i) release of energy generating heat, (ii) 

release of fluorescence or (iii) intersystem crossing of the excited singlet state 

photosensitizer molecule (S1) to a triplet state (T1) [84]. 

Type I photosensitization involves charge transfer from the triplet state (T1) 

photosensitizer molecule to the substrate (e.g. bacterial cell components), and results 

in the production of radical ions that can react with oxygen to generate cytotoxic 

species, such as hydroxyl, superoxide and lipid-derived radical. Type II 

photosensitization involves energy transfer from the triplet state (T1) photosensitizer 

molecule to ground state molecular oxygen (
3
O2), producing the highly reactive 

singlet oxygen (
1
O2) [85, 86].  Singlet oxygen is highly-oxidizing and capable of 

damaging the bacterial cell wall, lipids, enzymes, nucleic acids and proteins, and 

plays the major role in photodynamic inactivation of pathogens [84-86].  

 

 

 

 

 

 

Fig. 2.18. Schematic diagram of photosensitization mechanisms to produce Type I and 

Type II photodynamic inactivation reaction (Adapted from [84, 85, 90]). 

 

There are two main types of photosensitiser molecule which can be utilised in 

photodynamic inactivation mechanisms:  
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 exogenous photosensitisers: These are chemicals, dyes or porphyrins which 

are added into the system either during light exposure or for pre-treatment 

prior to light exposure.   

 endogenous photosensitisers: These are naturally-occurring photosensitisers 

(i.e. porphyrins) within the cell. In this case, microbial photodynamic 

inactivation relies on the presence of endogenous porphyrins and does not 

require the addition of other photosensitiser molecules.  

Photodynamic inactivation using exogenous and endogenous photosensitizer 

molecules will be discussed in the following sections (Sections 2.12.6.1, and 2.12.6.2, 

respectively). 

 

2.8.6.1 Microbial Photodynamic Inactivation involving Exogenous 

Photosensitisers 

Microorganisms can be inactivated by administration of a non-toxic dye or 

photosensitiser and light in vitro [85]. The concept of photosensitization-based 

inactivation of microorganisms relies on the photosensitiser molecule being taken up 

by the cell and accumulating in significant amounts in the target area (e.g. 

cytoplasmic membrane) leading to irreversible damage in bacteria when exposed to 

the appropriate wavelength of light [85].  

Gram-positive bacteria are more susceptibility than Gram-negative bacteria to 

photosensitization mechanisms. Gram-positive bacteria can easily take up 

photosensitiser molecules because they have a cytoplasmic membrane which is 

surrounded by a relatively porous layer of peptidoglycan and lipoteichoic acid [85]. 

Gram-positive bacteria have a 40  80 nm peptidoglycan wall with very small 

number of lipids and proteins [87]. Meanwhile, Gram-negative bacteria not only 

have a peptidoglycan wall but also have an outer membrane layer that contains 

negatively charged lipopolysaccharides (LPS), lipo-proteins and proteins with porin 

function. Porins are trans-membrane proteins which allow diffusion of hydrophilic 

solute across outer membranes of gram negative bacteria. This outer membrane 
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causes Gram-negative bacteria to show a significant resistance to antimicrobial PDT 

[87]. In order to enhance photodynamic inactivation of Gram-negative bacteria, some 

chemical molecules such as nona-petide polymyxin or Tris-EDTA, which are 

membrane disorganising substances, are commonly used [87].    

Another method of enhancing inactivation is the use of 5-aminolevulinic acid (ALA), 

and is known as ALA based photodynamic therapy (ALA-PDT) [91]. According to 

Karrer et al., 5-ALA is defined as “a precursor of endogenous porphyrins in the 

biosynthetic pathway for haem which induces the biosynthesis of photosensitising 

concentrations of protoporphyrin IX and other porphyrin metabolites within the cells” 

[92]. This means that photosensitising concentrations of protoporphyrin IX can be 

modulated by administration of the haem precursor -aminolevulinic acid (ALA) 

[91]. Previous work has shown that pre-incubation of some Gram-positive and 

Gram-negative bacteria with exogenous 5-ALA supplemented into the culture 

medium has the capability to enhance porphyrin biosynthesis, mostly enhancing 

coproporphyrin levels [92, 93]. For example, Escherichia coli pre-incubated with 5-

ALA demonstrated a significant reduction in viability after light treatment with 

wavelengths of near-UV light [94].  

Many reports have been published about the use of photosensitisers and light for 

microbial inactivation of viruses, fungi, yeasts and parasites in vitro.  Some reports 

regarding the PDI of viruses have concluded that enveloped viruses are more 

sensitive to the photosensitising action than non-enveloped strains. In the same way, 

PDI is able to inactivate yeasts, parasites and fungi in vitro [85]. Some examples of 

microbial photodynamic inactivation with added photosensitizer molecules are listed 

in Table 2.8. 
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Table 2.8 Examples of microbial inactivation using exogenous photosensitisers 

Microorganism Light Source Photosensitiser Log10 Reduction / 

(Dose in Jcm
-2

) 

Ref 

Bacteria 

  

  

Staphylococcus 
aureus 

Tungsten lamp  Protochlorophyllide 7.1 / (1.1) [95] 

 Tungsten lamp  

( = 546-660 nm) 

Fenothiazine 4 – 5 / (2 – 4) [96] 

 LED ( = 663 nm) Methylene blue  4 / (6) [97] 

 He-Ne laser (= 632.8 

nm) 

Tin (IV) chlorine e6 

(SnCe6)  

2.5 / (8.4)  [98] 

Listeria 
monocytogenes 

Tungsten lamp  Protochlorophyllide 3.4 / (1.1) [95] 

Bacillus subtilis Tungsten lamp  Protochlorophyllide 5.1 / (1.1) [95] 

 Xenon lamp Rose Bengal  << 1  / (100) [99] 

Escherichia coli Tungsten lamp  

(= 546-660 nm) 

Fenothiazine 2  / (5) [96] 

 Tungsten lamp  

( =350-800 nm ) 

Porphyrins 4.5 / (108) [100] 

 Xenon lamp Rose Bengal 2 / (43) [99] 

 LED (= 663 nm) Methylene blue  4 / (6) [97] 

Pseudomonas 
aeruginosa 

Tungsten lamp  

(= 546-660 nm) 

Fenothiazine 5 / (20)  [96] 

 Halogen 5-Aminolevulinic Acid and 
5-Aminolevulinic Acid 
Derivatives 

1.9 × 10-3 (survival 
fraction) / (120) 

[101] 

MRSA Halogen 5-Aminolevulinic Acid and 

5-Aminolevulinic Acid 
Derivatives 

5 × 10-6 (survival 

fraction) / (120) 

[101] 

Porphyromonas 
gingivalis  

Xenon lamp Toluidine blue O  5 / (10) [102] 

 LED (= 671 nm) poly-L-lysine (pL)–chlorin 
e6 (ce6)  

8.1 (% survival 
organisms) / (15) 

[103] 

 Diode laser ( =665 

nm) 

Methylene blue  99 – 100% / (21.2) [104] 

Deinococcus 

radiodurans 

Xenon lamp Rose Bengal 5 / (0.5) [99] 

Actinomyces 
viscosus 

LED (= 671 nm) poly-L-lysine (pL)–chlorin 
e6 (ce6)  

2 (% survival 
organisms) / (15) 

[103] 

Fungi & Yeasts     

Candida albicans LED ( = 663 nm) Methylene blue  4 / (66) [97] 

 LED ( = 455 nm) The Photogem(R) 7 / (18) [105] 

Aspergillus 
Fumigatus 

Visible light Green 2W 2.7 × 106 CFUml-1 / 
(385) 

[106] 

Parasites     

Culex sp., 
Chaoborus sp. 

Larvae, Daphnia 
sp. 

Mercury lamp Chlorophyllin and 
pheophorbid  

50% of mortality in 
the tested 

organisms / 
(162) 

[107] 

Cutaneous 
leishmaniasis 

Broad band light  

(= 665 ± 15 nm) 

Phenothiazine 5.2 / (50) [108] 

Viruses     

Herpes simplex 
virus 

Red light Methyl aminolevulinate 
(Metvix(R)) 

Completely healed / 
(2 weeks) 

[109] 

HIV-1 Visible light Methylene blue  ~100% / (106.32 TCID 
50/ml within 10 

minutes) 

[110] 
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2.8.6.2 Microbial Photodynamic Inactivation using Endogenous Photosensitisers 

A number of studies have published that visible light exposure can be used for the 

inactivation of bacteria without the requirement for additional photosensitizer 

molecules. Ashkenazi et al. reported that the Gram-positive bacterium 

Propionibacterium acnes, naturally produces high quantities of intracellualar 

porphyrins, mostly coproporphyrins and protoporphyrin IX (PpIX) (with a minor 

contribution from uroporphyrin) [85], without the requirement for any trigger 

molecules such as ALA [117]. They utilised high intensity narrow band blue light 

with wavelengths ranging from 407 – 420 nm for inactivation of P. acnes, and results 

showed that P. acnes could be inactivated by seven orders of magnitude after 

exposure to a dose of 75 Jcm
-2 

[111]. Phototherapy for the skin disorder acne, 

(caused by P. acnes) with mixed blue-red light (peaks at 415 and 660 nm) has also 

been utilised for P. acnes inactivation, and the study demonstrated that the 

combination of blue and red light was significantly superior to blue light (peaks at 

415 nm) alone for treatment of inflammatory lesions [112]. This is likely due to the 

red light wavelengths having anti-inflammatory properties. 

A study by Feuerstein et al. demonstrated that blue light (400 – 500 nm) had the 

ability to inactivate Gram-negative periodontal pathogens such as Porphyromonas 

gingivalis, Fusobacteriurn nucleatun after light-exposed to a dose of 16 – 62 Jcm
-2

. 

Meanwhile, Gram-positive bacteria such as Streptococcus mutans and Streptococcus 

faecalis can also be inactivated with a dose of 159 – 21 Jcm
-2

 [113]. The use of 

405 nm light to eradicate Helicobacter pylori has been successfully demonstrated by 

Ganz et al. [114]. They reported that H. pylori in vitro can be inactivated by blue 

light (405 nm), with around a 5-log10 reduction after application of a dose of 40 Jcm
-2

. 

Inactivation of Staphylococcus aureus and Pseudomonas aeruginosa using 405 nm 

light has also been successfully demonstrated by Guffey et al. [115].  

Work within ROLEST has termed the use of 405 nm high-intensity narrow-spectrum 

light for microbial inactivation HINS-light. Maclean et al. utilized a continuous 

xenon broadband white-light source in conjunction with bandpass filters in the range 

400 – 500 nm for inactivation of S. aureus. They found that the optimal wavelength 

for inactivation was 405 (± 5) nm [116].  Another study by Maclean et al. 
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demonstrated the effectiveness of a 405 nm HINS-light LED array for inactivation of 

a variety of medically important bacteria without the application of exogenous 

photosensitizer molecules [117]. The results of this study are summarised in 

Table 2.9.  

 

Table 2.9 Summary of the effect of 405 nm LED array for bacterial inactivation  
(Adapted from [117]) 

 

Microorganism Dose (Jcm
-2

) Log10 reduction 

Staphylococcus aureus 36 5 

methicillin-resistant S. aureus (MRSA) 45 5 

Staphylococcus epidermidis 42 4.6 

Clostridium perfringens 45 4.4 

Streptococcus pyogenes 54 5 

Acinectobacter baumannii 108 4.2 

Proteus vulgaris 144 4.7 

Pseudomonas aeruginosa 180 4.2 

Klebsiella pneumaniae 180 3.9 

Escherichia coli 180 3.1 

Enterococcus faecalis 216 2.6 

 

A study by Murdoch et al. reported that Campylobacter jejuni could be inactivated 

by using a 405 nm HINS-light LED without application of exogenous photosensitiser 

molecules, with around a 5-log10 reduction achieved after exposure to a dose of 18 

Jcm
-2

 [118]. They also found that suspensions of Salmonella enteritidis and 

Escherichia coli 0157:H7 could be reduced by 2.96 and 5.3-log10, respectively,   after 

exposure to a dose of 288 Jcm
-2

 [118].  

 

2.8.7 High-Intensity Narrow-Spectrum (HINS) light for environmental 

decontamination  

Previous work within ROLEST has used the bactericidal 405 nm HINS-light 

technology to develop a HINS-light Environmental Decontamination System (HINS-

light EDS). The HINS-light EDS is a ceiling-mounted light source which 
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continuously decontaminates the air and exposed surfaces within illuminated areas.  

Initial studies within the clinical environment have successfully demonstrated the use 

of the HINS-light EDS for significantly reducing levels of environmental 

contamination within hospital isolation rooms [1]. The HINS-light EDS is a novel 

disinfection technology and consists of one or more ceiling-mounted light sources 

and the main active components are 405 nm LED arrays blended with white light and 

covered by a Fresnel lens and diffuser [119]. Although the emitted light is 

bactericidal, it is harmless to patients and staff thereby permitting continuous 

environmental disinfection throughout the day [1]. This HINS-light EDS technology 

has many potential applications, for instance; disinfection of air and contact surfaces 

in clinical environments, food processing environments, clean rooms, and public 

buildings. Essentially, the HINS-light EDS could be deployed in any area where 

enhanced decontamination would be beneficial. 

The system has been used in hospital isolation rooms used to treat burns patients, and 

its efficacy was assessed by comparing the levels of bacterial contamination in the 

isolation rooms during periods when the HINS-light EDS was in use against periods 

when the system was turned off. Bacterial contamination was assessed using contact 

agar plates. In order to evaluate the level of decontamination achieved with the 

HINS-light EDS, contact agar plates were used to sample a variety of frequently-

touched surfaces (such as door handles, light switches, table tops, bed rails). They 

reported that approximately a 90% reduction of surface bacterial levels was achieved 

when the system was used for treatment of an unoccupied isolation room, and 

reductions in the range of between 56% and 86% were achieved in isolation rooms 

when occupied by an MRSA-infected burns patient [1].  

Studies by  Nerandzic et al. [120] and Rutala et al. [121] have demonstrated that UV-

light radiation can be used for decontamination of rooms. They utilized UV-C 

radiation to reduce clinically important nosocomial pathogens in a contaminated 

hospital room. In contrast with the HINS-light EDS, due to safety reasons this system 

can only be used to kill pathogens in unoccupied rooms. During use of the UV 

system, the device was placed inside the room and the door was then closed and a 

wireless remote control was used to activate it. In contrast to this, the HINS-light 
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EDS can be used for room decontamination of occupied rooms as it is harmless to 

patient and staff.   

Another type of system for whole room decontamination is detailed in a study by 

Boyce et al. They utilised Hydrogen Peroxide Vapor (HPV) to eliminate Clostridium 

difficile in the environment [122]. This system has similar safety issues as the UV 

systems described by Nerandzic et al. [120] and Rutala et al. [121], in that HPV can 

only be used in areas that are unoccupied and sealed for the period of the disinfection 

process.  

Therefore, the current study was conducted to improve on the original (initial) HINS-

light EDS prototype due to an initial prototype system has limitations and many 

features requiring optimising and improving: non-integrated power supplies, thermal 

management issues, light emission more dominant in violet/blue than desirable, 

safety characteristics and decontamination efficacy. 

The literature review gave background theory for this study, two main area of 

research were carried out during the study as follows: 

1. Microbiological investigation into the bactericidal properties of light (PUV 

and visible sensitivity of bacterial), 

2. Engineering design, build and test of new improved prototype HINS-light 

EDS. 

Microbiological techniques for the investigation into the bactericidal properties of 

light will be discussed in Chapter 3. 
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CHAPTER 3 

3  MICROBIOLOGICAL TECHNIQUES 

3.1 General 

This chapter provides information for the microbiological investigation into the 

bactericidal properties of light, and the aim of this chapter was to give descriptions 

regarding a procedure and protocol for microbial inactivation. A brief description of 

the microorganisms, culture media, techniques and equipment used during the study 

is given in this chapter.  

3.2 Microorganisms 

The microorganisms and culture techniques used in the experimental work are 

detailed in this section.  

3.2.1 Microbial Strains 

The microbial strains used are listed in Table 3.1. Cultures were obtained from the 

National Collection of Type Culture (NCTC),  (Colindale, UK), the Laboratorium 

voor Microbiologie, Universiteit Gent (LMG), and Mycotheque de l’Universite 

catholique de Louvain (MUCL) (both LMG and MUCL are a section of The Belgian 

Co-ordinated Collection of Microorganisms (BCCM)). Methicillin-resistant 

Staphylococcus aureus (MRSA) 16a is a clinical isolate and was obtained from 

Glasgow Royal Infirmary (Scotland, UK).  

A brief description of each organism used during this study as mentioned in  

Table 3.1 will be reviewed in this section as follows:  

 Staphylococcus epidermidis is a Gram-positive bacterium and is frequently 

found in the skin and mucous membranes of the human body [123]. It is an 

opportunistic pathogen, and Centers for Disease Control and Prevention 

(CDC) has reported that S. epidermidis is the most frequent cause of hospital-

acquired infections (HAI), such as infections of the bloodstream, the urinary 
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tract, the cardiovascular system, pneumonia, and infections of the eye, ear, 

nose and throat [124]. 

 Staphylococcus aureus is a Gram-positive bacterium commonly found in the 

human nose and on skin, and is commonly associated with HAI [125, 126].  

S. aureus can cause minor skin infections and life-threatening diseases such 

as impetigo, endocarditis, pneumonia, food poisoning, toxic shock syndrome 

and bacteremia [127]. Also, the CDC reported that food contaminated with 

S. aureus causes around 185,060 illnesses, 1,753 hospitalizations, and 2 

deaths annually [128]. 

 Methicillin-resistant Staphylococcus aureus (MRSA) is also known as 

multidrug-resistant Staphylococcus aureus [129]. The National Audit Office 

(NAO) mentioned that around 9,000 deaths caused by MRSA bloodstream 

infections in the UK in 2007 [130], while a study by Cooper et al. reported 

that in the UK, there was a significant increase of S. aureus bacteraemia 

caused by MRSA from 2% in 1991 to 42% in 2000 [131]. 

 Listeria is a Gram-positive and significant foodborne pathogen, commonly 

found in soil, water, silage, sewage slaughterhouse waste, milk, and human 

and animal feces [132]. An important factor is that Listeria can grow at 

refrigerator temperature (4 C) when given sufficient time and pH (in the 

range of 4.5 to 9.6) [133, 134].  

 Listeria ivanovii is generally pathogenics in ruminants fed on silage and is 

associated with gastroenteritis and bacteremia in man [135, 136]. Guillet et 

al. reported that human listeriosis caused by L. ivanovii is associated with 

immunodeficiency, underlying debilitating conditions, or advanced age [136]. 

Listeria ivanovii is one of six species of the genus listeria, and rarely cases of 

infections are found in humans but is responsible for 8% of all animal 

listeriosis [137, 138]. The commonest cases of infections in ruminants such as 

sheep and cattle, are associated with conditions such as abortions, stillbirths, 

and neonatal septicemias [138].   
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 Listeria seeligeri is part of the genus listeria and considered non-pathogenic. 

It is a Gram-positive, nonsporeforming, facultatively anaerobic rod, motile 

and contains a low guanine-cytosine content [138, 139]. Although considered 

non-pathogenic, the first case has been reported by Rocourt et al. regarding 

human infection caused by L. seeligeri. They reported human infection in a 

previously healthy adult and it was associated with acute purulent meningitis 

caused by L. seeligeri [140].  

 Salmonella enteritidis is a Gram-negative, non-spore-forming rod shaped 

bacterium and a member of the family Enterobacteriaceae [141]. In the 

United States, approximately over 1,500 deaths and 14 million illnesses are 

caused by Salmonella every year [128]. It is estimated that around $464 

million is the total costs for medical care and that the impact on the labor 

market was $2.3 billion in 1989 [142]. Salmonella infections are bacteria 

generally associated with foods such as eggs, poultry, raw meat and dairy 

products and theses infections cause significant food related deaths in the 

United States every year [143]. 

 Shigella sonnei is Gram-negative, facultatively anaerobic, non-sporeforming, 

non-motile rod-shaped bacterium. It is categorised as serogroup D serotype 1  

and is the causative agent of shigellosis or “bacillary dysentery,” [141, 144-

146]. It has been reported that foodborne shigellosis is responsible for 

448,240 cases, resulting in 6,231 hospitalizations and 70 deaths in the United 

States every year [128]. Niyogi reported that around 5% to 15% cases of 

Shigella are associated with diarrhoea and 30% to 50% with cases of 

dysentery [147]. The symptoms of shigellosis are commonly caused by the 

invasion of Shigellae into the local epithelium of the colon (large intestine) 

[144]. The invasion of Shigellae is controlled by a 180 to 220-kDa virulence 

plasmid and involves four stages: entry into epithelial cells, intracellular 

multiplication, intra- and intercellular spreading, and killing of the host cell 

[144]. 

 Escherichia coli are Gram-negative rod-shaped bacterium and is most 

commonly harmless. It can cause serious infections in hospitalised patients 
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and only serotype O157:H7 can cause serious food poisoning in humans [146, 

148]. Infection of E. coli O157:H7 in individuals commonly causes bloody 

diarrhea and abdominal cramps with little or no fever. It may also cause 

hemolytic uremic syndrome (HUS), hemolysis, thrombocytopenia, renal 

failure and rarely infection by E. coli O157:H7 can cause death [149]. A 

study by Mead et al. reported that foodborne infections by E. coli O157:H7 in 

the Unites States has estimated around 73,480 illnesses, 2,168 hospitalisation 

and 61 deaths annually [128]. 

 Saccharomyces cerevisiae is a yeast, also known as baker’s yeast or brewer’s 

yeast. It is commonly used in baking, brewing, wine making, and 

biotechnology, and is typically regarded to be an occasional digestive 

commensal [150, 151]. A study by Aucott et al. reported three cases of life-

threatening invasive infection caused by S. cerevisiae [152], and Enache-

Angoulvant et al. suggested that Saccharomyces organisms should be added 

to the list of emerging fungal pathogens [150]. 

 

3.2.2 Culture and Maintenance of Microorganisms 

Microorganisms are stored on Microbank beads (proLab Diagnostics) at -70 C. 

For regular use of a microbial strain, the organism was cultured by taking out an 

inoculated Microbank bead, and streaking this bead onto an agar plate (agar type 

dependant on the organism) and incubated at the appropriate temperature and time. 

After the incubation period, the microorganism was then sub-cultured and incubated 

on an agar slope then kept refrigerated at 4 C. This slope was used as a regular 

source of inoculum for experimental work, and was re-streaked at least every 4 

weeks onto fresh agar to ensure the slope contained a pure culture and was not 

contaminated. 

To culture microorganisms for experimental work, all microorganisms were 

cultivated overnight in 100 ml of broth growth medium at 37 C and under rotary 

conditions (120 rpm). The media, temperature, and incubation time used for each 

microorganism are summarised in Table 3.1.  
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Table 3.1 Microbial strains and their associated growth requirements 

Microorganism Strain 
Growth 

Medium 

Incubation 

Period 

Temperature 

(C) 

Staphylococcus aureus NCTC 4135 Nutrient 
Broth/Agar 

18-24 Hours 37 

Shigella sonnei LMG 10473 Nutrient 

Broth/Agar 

18-24 Hours 37 

Listeria monocytogenes NCTC 11994 Tryptone 
Soya Broth / 

Agar 

18-24 Hours 37 

Listeria ivanovii NCTC 11846 Tryptone 
Soya Broth / 

Agar 

18-24 Hours 37 

Listeria seeligeri NCTC 11856 Tryptone 
Soya Broth / 

Agar 

18-24 Hours 37 

Salmonella enteritidis NCTC 4444 Nutrient 

Broth/Agar 

18-24 Hours 37 

Escherichia coli 

0157:H7 

NCTC 12900 Nutrient 

Broth/Agar 

18-24 Hours 37 

Escherichia coli NCTC 9001 Nutrient 
Broth/Agar 

18-24 Hours 37 

Saccharomyces 

cerevisiae 

MUCL 28749 Malt Extract 

Broth/Agar 

18-24 Hours 37 

Staphylococcus 
epidermidis 

NCTC 11964 Tryptone 
Soya Broth / 

Agar 

18-24 Hours 37 

Methicillin Resistant 
Staphyloccocus 

aureus(MRSA) 

16a (Glasgow 
Royal 

Infirmary) 

Nutrient 
Broth/Agar 

18-24 Hours 37 

 

3.3 Media 

Culture media were prepared as required by dissolving the appropriate weights in 

distilled water according to the quantity stated by the manufacturer. For sterilisation 

of the media, all media was autoclaved at 121 C for 15 minutes at 100 kPa, unless 

stated otherwise. For preparation of agar plates and agar slopes, sterilised molten 

agar was held in a water bath set at 48 C until cool enough to pour into sterile Petri 

dishes or tubes, respectively. 
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3.3.1 Broths and Agars 

Broths 

 NUTRIENT BROTH (Oxoid Ltd, UK) [CM0001]   13 g/L 

 MALT EXTRACT BROTH (Oxoid Ltd, UK) [CM0067]  20 g/L 

 TRYPTONE SOYA BROTH (Oxoid Ltd, UK) [CM0129]  30 g/L 

 

Agars 

 NUTRIENT AGAR (Oxoid Ltd, UK) [CM0003]   28 g/L 

 MALT EXTRACT AGAR (Oxoid Ltd, UK) [CM0059]  50 g/L 

 TRYPTONE SOYA AGAR (Oxoid Ltd, UK) [CM0131]  40 g/L 

 

3.3.2 Diluent 

 Phosphate Buffered Saline (PBS) (Oxiod Ltd, UK) [BR0014G]: 1 tablet per 

100ml distilled water 

For experimental use, 100 ml and 9 ml volumes of PBS were prepared for 

resuspension of the centrifuged cell pellet, and preparation of serial dilutions, 

respectively (see Section 3.4.1). The 9 ml volumes of PBS were prepared using a 

bottletop-dispenser (VITLAB, Germany). The PBS was sterilised by autoclaving at 

115 C for 10 minutes at 67 kPa, and had a final pH of 7.3 ± 0.2 at 25 C.      

 

3.4 Microbial Enumeration Methods 

Accurate methods for enumeration of microbial samples before and after inactivation 

treatment are very important in order to achieve the exact decrease in population 

size. To enumerate microorganisms, samples were plated onto agar and incubated at 

their optimal conditions as stated in Table 3.1. After sample incubation, plates were 

enumerated and results recorded as colony-forming units per millilitre (CFUml
-1

). 

The dilution and plating methods used for enumeration of microorganisms in this 

study are detailed in the following sections. 



 

 59 

3.4.1 Serial Dilutions 

After incubation, cultures were centrifuged for 10 min at 4300 rpm and the cell pellet 

re-suspended in 100 ml PBS, giving a suspension with a population of approximately 

10
9
 CFUml

-1
. This microbial suspension was then serially diluted in PBS to provide 

the appropriate population densities for experimental use.   

To prepare serial dilutions, 1ml of the undiluted 100ml bacterial suspension was 

added into 9 ml PBS to give a 10
-1

 dilution. This was then mixed using a Whirly 

mixer (FisherBrand, UK) to ensure a uniform suspension. One millilitre of this 10
-1

 

dilution was then added into another 9 ml volume of PBS to get 10
-2

 dilution. This 

procedure was followed until the desired dilution factor was achieved. 

3.4.2 Plating and Enumeration Techniques 

After microbial samples were exposed to light treatment, samples were immediately 

plated onto agar using either spiral plate, spread plate and/or pour plate methods. The 

method chosen was dependant on the expected number of CFU’s. 

3.4.2.1 Spiral Plate Method 

Spiral plating is a technique used for the enumeration of bacteria in a liquid sample, 

and involves dispensing the sample onto the surface of a rotating agar plate in the 

shape of a logarithmic Archimedes spiral [153, 154]. 

In this study, a WASP 2 spiral plater (Don Whitley Scientific Ltd, UK), shown in 

Fig. 3.1, was used to dispense a 50 l sample volume onto the surface of an agar 

plate. After the sample was spiral plated, agar plates were incubated and the colonies 

were enumerated either manually using a colony counter (Stuart Scientific, UK) or 

on a PC using the aCOLyte colony counter (Don Whitley Scientific Ltd, UK), shown 

in Fig. 3.2a and 3.2b, respectively. Both methods use a counting grid which is 

centered over the plate. Each grid segment corresponds to a constant volume of 

sample, and the number of CFUml
-1

 in the sample can be calculated using either 

reference charts (when using the manual counter) or the aCOLyte software. 
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Fig. 3.1. WASP 2 Spiral Plater. 

 

 

 

 

 

 

(a)               (b) 

Fig. 3.2. Colony counting methods: a) manual counting using the colony counter, and 

b) automatic counting using aCOLyte software. 

 

3.4.2.2 Spread Plate Method 

Spread plates of samples were prepared by pipetting 50, 100, 200 or 500 l of 

microbial sample onto an agar plate, and spreading evenly over the agar surface 

using a sterile L-shaped spreader. After incubation, a colony count of the whole agar 

plate was taken and this was then multiplied by the appropriate factor (dependant on 

the sample volume deposited on the plate) to obtain a count of the number of 

CFUml
-1

 in the sample. Spread plates can also be prepared using the WASP 2 spiral 

plater. In this case, 100 l of sample was deposited onto the agar plate using the 
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linear distribution mode. Enumeration involved counting the whole plate and 

multiplying the count by ten to get the number of CFUml
-1

 in the sample. 

 

3.4.2.3 Pour Plate Method 

If the number of microorganisms in the sample was expected to be less than 250 

CFUml
-1

, the pour plate method was used. 1 ml of microbial sample was pipetted 

into a sterile Petri dish, and then approximately 20 ml of molten agar was poured 

into the Petri dish. To ensure a uniform mixture between the microbial sample and 

the molten agar, the Petri dish was gently rotated clockwise (×10) and then 

anticlockwise (×10). The plate was then left to solidify before incubation. For 

enumeration, the whole plate was counted, and this represents the number of  

CFUml
-1

 sample. 

3.5 Statistical Analysis 

In this study, all data represents a minimum of three replicates for each independent 

experiment, and the results are documented as mean values with standard deviation 

(SDs) being included. Significant differences in experiments were calculated using 

ANOVA (one way) analysis, with 95% confidence interval and p value ≤ 0.05 using 

MINITAB Release 16.  

 

3.6 Other Equipment 

The general descriptions of other equipment used for microbial analysis are detailed 

in Table 3.2. 

 

Table 3.2 Equipment used during the study 

Equipment Function Manufacturer 

Kestrel automatic 

autoclave 

Sterilisation of media and equipment used 

in experimental work, and contaminated 

waste prior to disposal 

LTE Scientific 

Ltd, UK 

Bench-top autoclave Sterilisation of all media and equipment 

used in the experimental work 

Dixon Surgical 

Instruments Ltd,  

UK 
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Merit W400 Distil Distillation of water to provide water free 

of impurities 

Grosseron, France 

OHAUS Navigator & 

OHAUS Adventurer 

digital balances 

Measurement of solid media and reagents Precision 

Weighing 

Balances, USA 

 

Rotary shaker incubator Rotary incubation of microbial broth 

cultures 

New Brunswick 

Scientific, USA 

Fan-assisted incubator Incubation of microorganisms on agar 

plates  

LTE Scientific 

Ltd, UK 

Grant Water-Bath Maintained at 48C for cooling molten 

agar prior to pouring 

Scientific 

Laboratory 

Supplies Ltd, UK 

Heraeus Labofuge 400R To spin down cultures at 4300 rpm for 10 

min. Used in combination with 50 ml 

volume centrifuge tube from Nunc 

(Thermo Fisher Scientific Inc, Denmark) 

Kendro 

Laboratory 

Products, USA 

Gilson pipettes;  

100 l, 1 ml, 5 ml and 

10 ml 

Used in conjunction with sterile pipette tips 

for the transfer of microbial suspensions 

Gilson Inc, USA 

Refrigerators For the storage of microbial cultures on 

agar slopes and agar plates maintained at 

4C 

Lee Medical 

Biomate 5 UV-Visible 

Spectrophotometer 

To obtain transmission and absorbance 

reading of liquid samples using either fixed 

wavelengths or broadband wavelengths 

(UV- Visible) 

Thermo 

Spectronic, USA 

LUMIX (DMC-FX10) To take photographs of equipment  Panasonic, Japan 

Power Meter To measure irradiance (mWcm
-2

) levels 

from light sources 

L.O.T.-Oriel Ltd, 

UK 

Digital thermometer 

(KM340) 

To measure temperature (C) levels Kane-May, UK 

MSH basic magnetic 

stirrer 

In conjunction with 7 × 2 magnetic 

follower (Thermo Fisher Scientific Inc, 

Scientific 

Laboratory 
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Denmark) to allow sample agitation Supplies Ltd, UK 

Nikon Eclipse E400 

light microscope 

Used for viewing Gram stain slides to 

check purity of cultures 

Nikon 

Instruments, UK 

Ocean Optics HR4000 

High-Resolution 

Spectrometer 

Used in conjunction with Ocean Optics 

SpectraSuite software to measure emission 

spectrum of light sources 

Ocean Optics, 

Inc., USA 

 

 

3.7 Gram Stain 

Gram staining is an important test for the identification and differentiation of Gram-

positive and Gram-negative bacteria. It is commonly used to check the purity of 

bacterial cultures.  

Preparation of smear for staining 

Using a sterilized wire loop, 1 – 2 colonies of organism were lifted from an 

agar plate and emulsified with a drop of water on a clean microscope slide, 

or, if a liquid culture was used, a loopful of suspension was removed and 

directly place onto a clean microscope slide. After this film was allowed to 

air dry, the sample was fixed by passing the microscope slide through a 

Bunsen flame, typically 3 – 5 times. 

Gram Staining Procedure  

The fixed film was covered with Crystal violet for about 30 seconds, and 

then drained and rinsed with Lugol’s iodine. It should then be covered with 

fresh iodine and left for 1 minute. After that, the iodine was drained and it 

was rinsed with 100% alcohol for approximately 15 seconds until no more 

violet colour came away. The slide was then washed gently with tap water 

and covered with Safronin and left for about 30 seconds. Finally, the fixed 

film was rinsed and blot dried and then viewed under an oil immersion lens 

on a microscope. 

After the staining procedure, Gram-positive cells appear deep purple, due to retention 

of the purple crystal violet stain in the pores of the thick peptidoglycan layer in their 
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cell wall after dehydration from the alcohol washing stage. In contrast, Gram-

negative cells do not retain the crystal violet stain, but retain the pink secondary stain, 

Safronin, and appear pink. This is because Gram-negative bacteria have a membrane 

outside of the peptidoglycan layer which allows passage of the solvent (alcohol wash) 

to remove the crystal violet stain. 

Information on the microbial strains, media and culture and maintenance of 

microorganisms, methods of microbial enumeration and statistical analysis, 

equipment and microbiological tests will be used for the experimental arrangement 

and a sample preparation for the microbiological investigation into the bactericidal 

properties of light (Chapters 4 – 6 and 10).  
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CHAPTER 4 

4  INVESTIGATION INTO THE USE OF 

PULSED UV-LIGHT FOR MICROBIAL INACTIVATION 

4.1 Background 

Ultraviolet (UV) light is electromagnetic radiation with a spectrum that is in the 

range of 100 nm to 400 nm. UV light is well-established as being highly 

antimicrobial, especially the wavelengths between 250 and 270 nm. This wavelength 

range has the highest germicidal effect, effective against microorganisms such as 

bacteria, viruses, protozoa, yeasts, fungi and algae [69].   

Pulsed ultraviolet (PUV)-light is a novel non-thermal high-peak power technology, 

which achieves rapid inactivation of pathogenic and spoilage microorganisms.  PUV-

light technology is growing and becoming attractive for decontamination and 

sterilization applications due to its rapid energy transfer and inactivation rates [61, 

66, 67, 155, 156]. 

As discussed in Section 2.8.2, microbial inactivation using UV-light exposure is 

mainly caused by microbial DNA absorbing UV-C photons, consequently leading to 

DNA-based damage in the form of mutagenic lesions, including cyclobutane 

pyrimidine dimers (CPD) and pyrimidine-pyrimidone 6-4 photoproducts (6-4PP), 

which block DNA replication and can ultimately render the microbial cell inactive 

[74]. 

The aim of this chapter is to investigate the effect of PUV-light from a broadband 

xenon lamp for inactivation of the bacterial species Staphylococcus epidermidis, 

Staphylococcus aureus and the yeast species Saccharomyces cerevisiae in liquid 

suspension. The effect of sample agitation during broadband PUV-light exposure of 

S. cerevisiae in liquid suspension is also investigated. The study then investigated the 

efficacy of the pulsed UV-light source for inactivation of S. aureus using pulses of 

260 nm light compared to broadband light pulses.  
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4.2 Pulsed UV-light System 

A schematic diagram of the pulse generator and flashlamp (Samtech Ltd, Glasgow, 

UK) used for microbial inactivation is shown in Fig. 4.1. The pulse generator has a 

dual 15 kHz switch mode power supply (SMPS) which supplies 1.1 kV and 0.4 kV 

as follows: the SMPS energized to 1.1 kV charges an energy storage capacitor, and 

the 0.4 kV charges a primary trigger circuit and pulse repetition rate (PRR) control. 

Once the storage capacitor is fully charged then the voltage control switches off the 

SMPS. The primary trigger circuit generates a 500 V pulse voltage when the system 

is switched on, which is stepped up to 25 kV by a pulse transformer inside the 

flashlamp chamber, subsequently generating light pulses. When operating at 1 kV 

(based upon a 1 kV capacitive discharge circuit), the energy stored in the capacitor 

(up to 20 J) to be transferred to the flashlamp, resulting in a peak power in the region 

of 1MW as shown in Fig. 4.2. 

The resulting very short duration pulses of UV-rich light are produced from an 

exponentially decaying waveform, as shown in Fig. 4.2, with the time to half value 

being approximately 40 µs.  Each pulse has an approximate peak current of 1.2 kA 

and a 6.8 µs rise time (Fig. 4.2). 

The light source used in the system is a low-pressure (450 torr) xenon-filled 

flashlamp (Heraeus Noblelight XAP series, Germany), constructed from a clear 

fused quartz tube filled with xenon.  The spectral emission of the flashlamp is broad, 

extending from ultraviolet to infrared, but as shown in Fig. 4.3, the emission is UV-

rich, which is ideal for microbial inactivation ranging from 200 to 300 nm. 

 

 

 

 

 

Fig. 4.1. Schematic diagram of pulsed UV generator and flashlamp. 
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Fig. 4.2. Waveforms of the Xenon-filled flashlamp (Voltage, Power and Current), recorded 

at an operating voltage of 1 kV. 

 

 

 

 

 

 

 

 

 

Fig. 4.3. Emission spectral output of Xenon-filled flashlamp (between 200 – 500 nm), 

recorded at an operating voltage of 1 kV. 
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4.3 Microorganisms and Sample preparation 

Microorganisms were cultured as described in Section 3.2.2. As described in Section 

3.4.1, after incubation cultures were centrifuged and the cell pellet re-suspended in 

PBS before serial dilution to provide the appropriate population densities for 

experimental use. Absorbance and transmission spectra of the microbial population 

densities were obtained using a Biomate 5 UV-Visible Spectrophotometer (Thermo 

Spectronic, USA). 

 

4.4 Pulsed Ultraviolet (PUV) Light Exposure Experiments 

4.4.1 Inactivation using broad-spectrum PUV light 

In the PUV microbial treatment system, as shown in Fig. 4.4, the flashlamp was 

enclosed within a PVC chamber, with a base platform on which microbial 

suspensions were held during PUV treatment. The suspensions were positioned 

directly under the flashlamp at a fixed distance of 8 cm, giving a total average 

irradiance of 6.4 mWcm
-2

 per pulse [Appendix A].  

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. PUV treatment system for inactivation of microbial suspensions. 
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For PUV-light treatment, 20 ml volumes of S. cerevisiae with population densities of 

10
5
 and 10

7
 CFUml

-1
, and S. epidermidis with population density of 10

7
 CFUml

-1
, 

were dispensed into 90 mm Petri dishes.  These samples (with the Petri lid off) were 

then placed into the PVC treatment chamber and exposed to pulses of UV-light.  

Suspensions of S. epidermidis and S. cerevisiae, with population densities of 10
7
 and 

10
5
 CFUml

-1
, respectively, were exposed to 2, 4, 6, 8 and 10 pulses.  Further to this, 

S. cerevisiae suspensions with a population density of 10
7
 CFUml

-1
, were exposed to 

25, 50, 75, 100, 125 and 150 pulses.  

To investigate the effect of sample agitation during PUV-light exposure of 

S. cerevisiae, suspensions of S. cerevisiae with a population density of 10
7
 CFUml

-1
, 

were exposed to 25, 50, 75, 100, 125 and 150 pulses with the test suspension being 

manually agitated by rotating the Petri dish 10× clockwise and 10× anticlockwise 

after every 10 pulses. 

 

4.4.2 A comparison of UV light inactivation using broadband and 260 (± 10) nm 

light pulses 

A photograph of the PUV-light treatment system used for inactivation of S. aureus 

suspensions using both broadband light pulses and 260 (± 10) nm narrowband light 

pulses is shown in Fig. 4.5a and b. Exposure to wavelengths of 260 (± 10) nm was 

used as this is the optimum wavelength region for UV inactivation of Gram-positive 

bacteria [157]. 

For broadband PUV-light treatment, 2 ml volumes of S. aureus bacterial 

suspensions, with a population density of 10
5
 CFUml

-1
, were dispensed into one well 

of a 12 well plate (NUNC, Denmark) and placed into the treatment chamber. To 

expose bacterial suspensions to 260 nm light pulses, the light was passed through a 

260 (± 10) nm narrowband optical filter which was placed on top of the well 

(Fig. 4.5b). The well containing the test bacteria was shielded to prevent stray light 

entering the well. The distance between the flashlamp and the surface level of the 

bacterial suspension was fixed at a distance of 5 cm. Liquid test samples were 
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exposed to increasing pulse numbers using a different 2 ml volume of bacterial 

suspension each time and repeated in triplicate.  

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

Fig. 4.5. PUV-light treatment system for inactivation of S. aureus (a) pulse generator and 

treatment chamber (b) 12 well plate and optical filter inside the treatment chamber. The 

filter was removed when bacterial suspensions were exposed to broadband light pulses. 
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4.4.3 Plating and Enumeration 

After PUV treatment, test samples were immediately plated onto Malt Extract Agar 

(S. cerevisiae), Tryptone Soya Agar (S. epidermidis) and Nutrient Agar (S. aureus) 

using standard microbiological plating methods, and incubated at 37 C for 24 hours 

before enumeration, as described in Section 3.4.2.  

4.5 Experimental Results 

The results for microbial inactivation using broad-spectrum PUV light, shown in  

Fig. 4.6 and Fig. 4.7, demonstrate the effect of PUV-light exposure on liquid 

suspensions of S. epidermidis and S. cerevisiae. 

 

 

 

 

 

 

 

 

 

Fig. 4.6. PUV treatment of S. epidermidis and S. cerevisiae in liquid suspension, with 

differing population densities. 

 

Results demonstrate that PUV-light exposure is highly microbicidal, with a 7-log10 

reduction of S. epidermidis being achieved after application of less than 10 pulses  

(Fig. 4.6).  It can be observed from Fig. 4.6 that a 5-log10 reduction of S. cerevisiae 

was also achieved after exposure to less than 10 pulses, however exposure of 

10
7 
CFUml

-1
 populations of S. cerevisiae were found to require a much higher 
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number of pulses before the population started to decrease, with approximately 

1.5 log10 reduction after exposure to 25 pulses. 

 

 

 

 

 

 

 

 

 

Fig. 4.7. PUV treatment of S. cerevisiae in liquid suspension, with and without agitation. 

 

From Fig. 4.7 it can be seen that upon application of higher pulse numbers, further 

inactivation of the 10
7
 CFUml-1 population of S. cerevisiae could be achieved, with 

approximately a 5-log10 reduction being achieved after application of 150 pulses. 

Agitation of the sample resulted in a significant increase in the inactivation 

efficiency, with complete inactivation of the 10
7
 CFUml

-1
 population after exposure 

to 75 pulses. 

For PUV-light inactivation of S. aureus using broadband and 260 (± 10) nm 

narrowband light pulses, results are shown in Fig. 4.8 and Fig. 4.9, respectively. 

The results, shown in Fig. 4.8, demonstrate that a 5-log10 reduction of S. aureus was 

achieved after exposure to 15 pulses of broadband light. When pulses of 260 (± 10) 

nm narrowband light were used, it can be seen that exposure of a 10
5
 CFUml

-1
 

bacterial suspension resulted in complete inactivation after exposure to 150 pulses 
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(Fig. 4.9), ten times the number of pulses required to achieve the equivalent 5-log10 

reduction with broadband light pulses. 

 

 

 

 

 

 

 

 

 

Fig. 4.8. PUV-light  treatment of S. aureus in liquid suspension using broadband light pulses. 

 

 

 

 

 

 

 

 

 

Fig. 4.9. PUV-light treatment of S. aureus in liquid suspension using 260 (± 10) nm light 

pulses. 
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4.6 Discussion and Conclusions 

4.6.1 Inactivation using broad-spectrum PUV light 

The transmission and absorbance spectra of the three different microbial population 

densities used in this study are shown in Fig. 4.10.  In order to cover the UV region, 

the wavelength scan of suspensions of the different microbial population densities 

utilised was from 200 nm to 400 nm. 

Visual assessment of the population densities used in this study indicated that the 

10
7 
CFUml

-1
 S. epidermidis suspension and the 10

5
 CFUml

-1
 S. cerevisiae suspension 

were visibly clear, whereas the 10
7 
CFUml

-1
 S. cerevisiae suspension is opaque, with 

a cloudy white colour. Spectroscopic analysis of the microbial suspensions showed 

that both the 10
7 

CFUml
-1

 S. epidermidis and the 10
5 

CFUml
-1

 S. cerevisiae 

suspensions have low absorbance and high transmission of germicidal UV 

wavelengths, as shown in Fig. 4.10.  

The 10
7 
CFUml

-1
 liquid suspension of S. cerevisiae only permits low transmission of 

around less than 5% and consequently a high absorbance of germicidal UV 

wavelengths. This result is readily clarified when the cell size of the two test 

microorganisms are compared. The bacterium S. epidermidis has a cell diameter of 

0.5 – 1.5µm whereas the yeast S. cerevisiae has a much larger cell diameter of  

5 – 10µm. Consequently 10
7 

CFUml
-1

 S. cerevisiae will appear as a more opaque 

suspension than 10
7 
CFUml

-1
 S. epidermidis. 

In the present study, the complete inactivation of 10
7
 CFUml

-1 
populations of  

S. epidermidis and 10
5
 CFUml

-1
 populations of S. cerevisiae was achieved within 10 

pulses as shown in Fig. 4.6. A study by Maclean et al. utilised a similar treatment 

system for inactivation of S. aureus and Listeria monocytogenes and demonstrated  

that both bacterial species could be inactivated with 7-log10 reduction after exposure 

to 10 pulses of UV-light [158]. The results for the inactivation rates for 10
7 

CFUml
-1 

S. epidermidis in the current study correlate well with data from this study by 

Maclean et al..  
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(b) 

Fig. 4.10. Transmission (a) and absorbance (b) spectra of the microbial population densities 

used in the PUV-light exposure experiments.  The area between the dotted lines indicates 

the highly germicidal wavelength region of 240 - 280 nm. 
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In contrast with S. cerevisiae inactivation, this result provides reasoning to the low 

inactivation rate of the 10
7 

CFUml
-1

 population of S. cerevisiae observed after 

exposure to 25 pulses, with only around 1-log10 reduction, as shown in Fig. 4.6.  The 

low transmissibility of the suspension meant that the UV wavelengths were not 

capable to completely penetrate through the suspension and affect the total yeast 

population.  Instead, the observed inactivation was likely to have been a result of 

inactivation of the yeast cells towards the top of the suspension. Some degree of cells 

beneath this top layer would have been shaded from the UV-wavelengths, and 

therefore a sufficient UV dose could not be applied to achieve complete inactivation. 

Agitation of the liquid suspension significantly improved the inactivation rate of the  

10
7 

CFUml
-1

 S. cerevisiae population. This is likely due to the manual agitation 

permitting circulation of the yeast cells within the suspension, and consequently 

enabling shaded cells to reach the surface of the suspension and become 

intermittently exposed to the pulses of UV-rich light.  

In Fig. 4.10 the area between the dotted lines indicates the most efficient 

wavelengths for germicidal efficiency and these are within the UV-C region of 

approximately 240 – 280 nm. In this region, nucleotide base components of DNA 

have peak absorbancy.  A study by Wang et al. reported that a value of germicidal 

efficiency for Escherichia coli population reduction measured at a wavelength of 

270 nm achieved 0.43 log10(N/N0)  per mJcm
-2

 and no inactivation was observed 

above 300 nm at the doses applied in this study [157]. UV-light irradiance of longer 

wavelength in the range 280 nm to 390 nm, can also cause microbial damage 

indirectly through the generation of reactive oxygen species which can cause protein 

cross-linking [11]. Overall, this study has demonstrated the effectiveness of PUV-

light technology for microbial inactivation.  

 

4.6.2 PUV-light inactivation of S. aureus using broadband and 260 (± 10) nm 

light pulses 

The inactivation rate observed for 10
5
 CFUml

-1
 S. aureus using broadband light 

pulses and 260 (± 10 nm) light pulses correlates well with data from a study by 
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Murdoch [159]. This study, which utilized a similar treatment system, showed that 

the inactivation rate achieved for S. aureus when exposed to 260 (± 10) nm pulses is 

less than PUV-light treatment with broadband pulses. The results in the present study 

demonstrated that a 10
5
 CFUml

-1
 populations of S. aureus can be completely 

inactivated after exposure to 150 pulses of 260 (± 10) nm light. In contrast, when the 

S. aureus population was exposed to broadband PUV-light treatment, results 

demonstrated a 5-log10 reduction after application of 15 pulses.  

This difference is due to the total energy received by the bacterial suspension. When 

exposing suspension to pulses of 260 (± 10) nm light using the optical filter, only a 

small fraction of the total energy is transmitted to the bacterial suspension due to the 

filter having a peak transmission minimum of around 12%. This can be compared to 

the total energy from the pulse being transmitted to the suspension treatment without 

optical filter (broadband light pulse), even though the wavelength of 260 nm is 

highly germicidal against microorganisms.   

In a previous study by Lani (2007) that used a similar treatment system with a 

260 nm optical filter, the total energy per pulse through the filter was measured to be  

6×10
-2

 mJcm
-2

 [160]. In order to calculate the value of the germicidal efficiency (), 

defined as log10(N/N0) per mJcm
-2

 of UV light at this wavelength, it is necessary to 

convert pulse number to dose (mJcm
-2

) and mean bacterial count (log10CFUml
-1

) to a 

log10(N/N0) reduction, as shown in Fig. 4.11. It can be observed from Fig. 4.11 that 

there is a fourth-degree polynomial relationship between log reduction and the dose 

of 260 (± 10) nm.  
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Fig. 4.11. Log10 (N/N0) reduction as a function of dose for PUV treatment of S. aureus in 

liquid suspension using pulses of 260 (± 10) nm light. 

 

The average germicidal efficiency for inactivation of S. aureus at 260 (±10) nm has 

been calculated from the inactivation curve (Fig. 4.11), and corresponds to 0.54 ± 

0.09 log10(N/N0) per mJcm
-2

. Using an identical experimental setup as in the present 

study, Murdoch (2010) reported that the germicidal efficiency for S. aureus at 260 

(±10) nm was 0.45 ± 0.0263 log10(N/N0) per mJcm
-2

 [159], which correlates well to 

the present study. 

Meanwhile, a study by Lani (2007) measured the germicidal efficiency for Listeria 

monocytogenes and Escherichia coli, and obtained values of 0.26 log10(N/N0) per 

mJcm
-2 

and 0.38 log10(N/N0) per mJcm
-2

, respectively [160]. These results 

demonstrated that the germicidal efficiency for L. monocytogenes is less than  

E. coli and S. aureus, indicating that L. monocytogenes is more resistant than E. coli 

and S. aureus to inactivation at wavelengths of 260 (±10) nm.  
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Overall, the study has demonstrated the effectiveness of pulsed UV-light for 

microbial inactivation using both broadband spectrum and 260 (± 10) nm light pulses 

in liquid suspension. When exposing densely populated suspensions used in the 

study, agitation samples showed that the efficacy of the inactivation of the yeast 

Saccharomyces cerevisiae could significantly be increased. 

Due to the safety issues for environmental decontamination system in occupied 

environments, the study then focused to investigate the visible-light sensitivity for 

microbial inactivation, and will be further discussed in Chapter 5. 
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CHAPTER 5 

5  INVESTIGATION INTO THE VISIBLE LIGHT 

WAVELENGTH SENSITIVITY OF PATHOGENIC 

BACTERIA 

5.1 Background 

As described in Chapter 4, ultraviolet (UV) light is well-established as being highly 

antimicrobial, and pulsed UV-light is capable of achieving rapid inactivation of  

Listeria monocytogenes in UV and visible-light wavelengths. This study, investigates 

the wavelength sensitivity of important bacterial pathogen: Listeria monocytogenes, 

a common foodborne pathogen that can cause non-invasive and invasive listeriosis 

(as described in Section 3.2.1). In order to establish the bactericidal effect of the 

different wavelength regions on L. monocytogenes, the study was carried out using a 

continuous xenon white-light source in conjunction with a range of short-wave pass 

(SWP), long-wave pass (LWP) and narrow band pass (BP) filters. The wavelength 

sensitivity of Staphylococcus aureus and meticillin-resistant Staphylococcus aureus 

(MRSA), a strain of S. aureus that is resistant to antibiotics and is a common cause 

of HAI [131] is also investigated. 

 

5.2 Experimental Materials 

5.2.1 Light source 

The light source used in the experimental system was a 150W continuous xenon 

broadband (185 – 2000 nm) white-light source (Lightningcure LC5, Hamamatsu 

Photonics UK, Ltd). The emission spectrum from 200 –  900 nm is shown in Fig. 5.1. 
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Fig. 5.1. Emission spectrum of Xenon lamp from 200 to 900 nm. 

 

5.2.2 Optical Filters 

Three types of optical filters used in the study were short-wave pass (SWP), long-

wave pass (LWP) and bandpass (BP) filters. Optical short-wave pass filters permit 

transmission of shorter wavelengths and reflect longer wavelengths, while long-wave 

pass filters permit transmission of longer wavelengths and reflect shorter 

wavelengths [161]. Both SWP and LWP permit transmission of wavelengths 

corresponding to their specified cut-off wavelength, at which transmission is reduced 

to 50% of its peak value [162]. Bandpass filters permit transmission of a bandwidth 

of light according to specified wavelength and reject all other undesirable radiation 

[163]. The range of optical filters used in the experiment are listed in Table 5.1. All 

filters were round in shape with a diameter of 25 mm, except the 400 nm long-wave 

pass filter, which was square shaped with an area of 50 mm
2
 [162, 163]. 
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Table 5.1 Optical filters and their specifications 

1  

Filter Type 
Wavelength 

(nm) 

CW 

(nm) 

FWHM 

(nm) 

Peak 

Transmission 

(%) 

Manufacturer 

Long-wave pass 400 NA NA ~93.00 NA 

Long-wave pass 450 NA NA 93.38 L.O.T.-Oriel Ltd 

Short-wave pass 500 NA NA 93.66 L.O.T.-Oriel Ltd 

Bandpass 400 402.86 10 ± 2 50.34 L.O.T.-Oriel Ltd 

Bandpass 405 405.2 10.2 45.10 Ealing Catalog Inc 

Bandpass 410 411.93 10 ± 2 50.02 L.O.T.-Oriel Ltd 

Bandpass 415 416.61 10 ± 2 51.40 L.O.T.-Oriel Ltd 

Bandpass 420 420.17 10 ± 2 52.77 L.O.T.-Oriel Ltd 

Bandpass 430 430.87 10 ± 2 47.28 L.O.T.-Oriel Ltd 

Bandpass 440 441.27 10 ± 2 58.23 L.O.T.-Oriel Ltd 

Bandpass 450 451.5 10 ± 2 54.97 L.O.T.-Oriel Ltd 

NA = not available, CW = Centre wavelength , FWHM = full width half maximum 

 

The emission spectra of the Xenon lamp through the LWP and SWP optical filters 

(>400 nm, >450 nm and <500 nm) used in the study are shown in Fig. 5.2. The 

400 nm LWP and 500 nm SWP filter were used in combination to allow transmission 

of a 400-500nm wavelength range. It can be observed that all emission spectra of 

optical filters are in the visible light region, with the exception of the 500 nm SWP 

filter which allowed transmission of a small amount of UV light.  
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Fig. 5.2. Emission spectrum of Xenon lamp from 200 to 900 nm when passed through the 

long-wave and short-wave optical filters used in the study. 

 

5.2.3 Microorganism and Sample Preparation 

The microorganisms used in the study were Listeria monocytogenes, Staphylococcus 

aureus, and MRSA. The test microorganisms were cultivated and prepared for 

experimental use as described in Section 3.2.2 and 3.4.  

 

5.3 Wavelength Sensitivity Experiments 

5.3.1 Exposure to broad bandwidths of light 

This experiment was carried out using L. monocytogenes. For light-treatment of 

bacterial samples, 2 ml volumes of bacterial suspension with population density of 

10
5
 CFUml

-1
 were held in one well of a 12-well plate (Nunc, Denmark). Also 

contained in the well was a 7 mm × 2 mm magnetic follower, which when placed on 

a magnetic stirrer, allowed continuous sample agitation. A light shield (black PVC 

cylinder of height 16 mm and diameter 25 mm) was placed around the sample well to 

ensure samples were not exposed to any stray, unfiltered light. Light treatment was 
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carried out using the continuous xenon broadband white-light source, in conjunction 

with the SWP and LWP filters (>400 nm, >450 nm, <500 nm and 400-500 nm). 

Filters were placed on top of the sample well and bacterial suspensions were exposed 

to light treatment through each of the filters.   

The exposure distance was maintained at 5 cm throughout the experiment, however 

the output intensity of the Xenon lamp was adjusted to achieved an irradiance 

126 mWcm
-2

 throughout the inactivation experiments (Table 5.2). The irradiance has 

been selected due to avoid a possible temperature effect generated by a light 

exposure at the longest exposure time of 180 minutes. A photograph of the 

wavelength sensitivity experimental set-up is presented in Fig. 5.3.  

Control samples were also set-up; 2 ml volumes of bacterial suspension with 

magnetic agitation not exposed to the xenon broadband white-light source but left in 

laboratory lighting conditions. 

 

Table 5.2 Output intensity values of the Xenon lamp through the selected optical filters to 

achieve an irradiance of 126 mWcm
-2

at the sample surface. 

 

Filter(s) Transmitted 

Wavelengths (nm) 

Required Output 

Intensity (%) 

400 nm long-wave pass >400 29 

450 nm long-wave pass >450 30 

500 nm short-wave pass <500 68 

400 nm long-wave pass + 500 nm 
Short-wave pass 

400 - 500 75 
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Fig. 5.3. Photograph of the experimental set-up for investigation of the visible-light 

wavelength sensitivity experiments. 

 

5.3.2 Exposure to narrow bandwidths of visible-light between 400 – 450 nm 

To investigate the causative bandwidth for inactivation of the selected bacteria, the 

same procedure as described in Section 5.3.1 was used with the SWP and LWP 

filters being substituted for bandpass filters ranging from 400 nm to 450 nm with 

bandwidths of 10 nm FWHM (see Table 5.1). The emission spectrum for each 

individual bandpass filter can be found in Appendix B. Two ml volumes of bacterial 

suspension with a population density of 10
5
 CFUml

-1
 were used in the experiments. 

The exposure distance (5 cm) and output intensity (100%) of the lamp were 

maintained constant throughout the experiments. As the light transmission through 

each filter was different, to ensure that, for each bacterium, suspensions were 

exposed to the same dose through each filter, the exposure time was adjusted for 

each filter to ensure that suspensions of S. aureus received a dose of 77 Jcm
-2

 

through each filter, L. monocytogenes received 123.3 Jcm
-2

, and MRSA received 

92.5 Jcm
-2

, as shown in Table 5.3. The reason for using three different doses for each 

bacterium was to achieve similar log10 reduction values for the bacteria at 405 nm. 
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Table 5.3 Exposure time values for investigation of bacterial inactivation using narrow 

bandwidths of visible-light between 400 and 450 nm  

Bandpass 

Filter (nm) 

Irradiance 

(mWcm
-2

) 

Exposure Time (min) 

S. aureus 

(77.0 Jcm
-2

) 

MRSA 

( 92.5 Jcm
-2

) 

L. monocytogenes 

(123.3 Jcm
-2

) 

400 7.5 172 206 275 

405 8.6 150 180 240 

410 7.2 180 215 287 

415 7.5 171 205 273 

420 7.7 166 200 266 

430 7.3 175 210 280 

440 8.3 154 185 247 

450 8.3 154 185 247 

 

 

5.4 Plating and Enumeration 

After light treatment, test samples were immediately plated onto agar plates and 

incubated at 37 C for 24 hours before enumeration. Sample plates were enumerated 

as described in Section 3.4.2.  

5.5 Experimental Results 

5.5.1 Wavelength Sensitivity Experiment: Exposure to broad bandwidths of 

light 

SWP and LWP filters were selected to identify the wavelength sensitivity of  

L. monocytogenes inactivation. Fig. 5.4 shows the effect of different ranges of light 

wavelengths on suspensions of L. monocytogenes.  
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Fig. 5.4. The effect of different regions of light on L. monocytogenes insuspension. This was 

carried out using SWP and LWP filters in conjunction with the Xenon lamp light source. 

 

It can be seen that, for the same applied dose level, the most rapid inactivation rate 

was found upon exposure to wavelengths of 500 nm and less, with a 5.1-log10 

reduction in bacterial population after exposure to a dose of 604.8 J cm
-2

 and this is 

likely due to the inclusion of some UV-A wavelengths in the exposing light spectrum 

(see Fig. 5.2). Within the visible-wavelength region tested, L. monocytogenes was 

most susceptible to light of wavelength 400500 nm, with an approximately 50% 

faster inactivation rate, at the same applied dose level, than that found when exposed 

to all wavelengths of 400 nm and above. The reason is that when the total dose 

applied falls, within the narrow bandwidths of 400500 nm this causes much greater 

inactivation than when L. monocytogenes is exposed to the same dose in the range of 

400 nm and above. It can be observed from Fig. 5.4 that the applied dose of 

1360.8 Jcm
-2

 for >450nm light had almost no effect on the 10
5
 CFU ml

-1
 population 

of L. monocytogenes, with only an approximate ~0.1-log10 reduction in bacteria cell 

population being achieved (Table 5.4). This confirms that the visible wavelengths 

inducing L. monocytogenes inactivation are within visible wavelength regions 

ranging from 400 nm to 450 nm. 
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Table 5.4 Summary of inactivation results for visible-light treatment of 10
5
 CFUml

-1
  

L. monocytogenes suspension using different wavelength ranges 

 

Wavelength 

range (nm) 

Exposure 

Time (min) 

Dose 

(Jcm
-2

) 

Log10 

Reduction 
Jcm

-2
/Log10 Reduction 

>400 nm 180 1360.8 4.7 290 

>450 nm 180 1360.8 0.1 22680 

<500 nm 80 605 5.1 119 

400-500 nm 120 907 5.1 178 

 

5.5.2 Wavelength Sensitivity Experiment: Exposure to narrow bandwidths of 

light between 400 and 450 nm 

5.5.2.1 Wavelength sensitivity of  Listeria monocytogenes  

The log10 reduction values of L. monocytogenes as a function of wavelength are 

shown in Fig. 5.5. Significant log10 reductions were achieved through exposure to 

400 – 440 nm bandwidths, with the peak log10 reduction resulting from exposure to 

405 (± 5) nm, as detailed in Table 5.5. When L. monocytogenes was exposed to 405 

nm light at an energy density of 123.3 Jcm
-2

, 1.45-log10 reduction was achieved.   

   

 

 

 

 

 

 

Fig. 5.5. Log10 (N/N0) reduction and germicidal efficiency of L. monocytogenes as a function 

of wavelength (in the range 400 – 450 nm) when exposed to a dose of 123.3 Jcm
-2

. 
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The inactivation capability at each wavelength can be quantified as the germicidal 

efficiency (), defined as the log10 reduction of a bacterial population by inactivation 

per unit dose in joules per square centimetre [157] as in Eq. (5.1): 

-2

10 0η= log (N/N )/Jcm ,  (5.1) 

where N0 is the bacterial starting population and N is the final bacterial population 

after exposure. The log10 (N/N0) reduction values can be re-plotted to show 

germicidal efficiency (), as shown in Fig. 5.5. The germicidal efficiency peak was 

achieved at 405 (±5) nm. However, 400 nm and 410 nm light also showed good 

germicidal activity against L. monocytogenes, with a value of 0.009 log10 per Jcm
-2

 

and 0.010 log10 per Jcm
-2

, respectively. 

Numerical data for the log reduction, the germicidal efficiency and statistical 

significance values that have been achieved through light exposure to bandpass 

filters ranging from 400 nm to 450 nm are summarised in Table 5.5.   
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Table 5.5 Summary values for inactivation of a 10
5
 CFUml

-1
 L. monocytogenes suspension following exposure to bandpass filters in the range  

400 – 450 nm, each with a dose of 123.3 Jcm
-2

 

 

Bandwidth 

(nm) 

Irradiance 
Exposure 

Time 

Initial 

Population, N0 

Final 

Population, N 
Log10(N/N0) 

(Log10(N/N0)/Jcm
-2

) 
Statistical 

(mWcm
-2

) (min) (Log10CFUml
-1

) (Log10CFUml
-1

) Reduction significance 

400 ± 5 7.5 275 4.98 (± 0.01) 3.93 (± 0.01) 1.05* 0.009 0.000 

405 ± 5 8.6 240 4.95 (± 0.10) 3.50 (± 0.24) 1.45* 0.012 0.000 

410 ± 5 7.2 287 4.90 (± 0.14) 3.67 (± 0.63) 1.23* 0.010 0.001 

415 ± 5 7.5 273 4.89 (± 0.03) 4.38 (± 0.61) 0.51* 0.004 0.003 

420 ± 5 7.7 266 4.98 (± 0.07) 4.74 (± 0.01) 0.25* 0.002 0.005 

430 ± 5 7.3 281 5.01 (± 0.07) 4.82 (± 0.15) 0.19* 0.002 0.031 

440 ± 5 8.3 247 5.02 (± 0.01) 4.91 (± 0.07) 0.11* 0.001 0.034 

450 ± 5 8.3 247 5.04 (± 0.01) 5.01 (± 0.01) 0.04 0.000 0.410 

 

*
Significant bacterial log10 reductions, calculated at a 95% confidence interval (p value < 0.05). (Light-exposed sample value was significantly 

different from control value).  
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5.5.2.2 Wavelength sensitivity of Staphylococcus aureus  

The graph shown in Fig. 5.6, demonstrates the log10 reduction and germicidal 

efficiency of S. aureus as a function of wavelength. As described in Section 5.5.2.1, 

this graph also shows that the most effective bactericidal wavelength was 405 (± 

5) nm, with 1.6-log10 reduction being achieved after exposure to 150 min at 

8.6 mWcm
-2

. Significant log10 reductions were also achieved through exposure to 

400 – 430 nm bandwidths, with values of log10 reduction in the range 0.38 – 1.6-

log10 reduction in bacterial population, as listed in Table 5.6. It can be observed from 

Fig. 5.6 that the peak germicidal efficiency of 0.021 was at 405 (± 5) nm.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. Log10 (N/N0) reduction and germicidal efficiency of S. aureus as a function of 

wavelengths (in the range 400 – 450 nm) when exposed to a dose of 77 Jcm
-2

. 
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Table 5.6 Summary values for inactivation of a 10
5
 CFUml

-1
 S. aureus suspension following exposure to bandpass filters in the range 400 – 450  nm, 

each with a dose of 77 Jcm
-2

 

 

Bandwidth 

(nm) 

Irradiance 
Exposure 

Time 

Initial 

Population, N0 

Final 

Population, N 
Log10(N/N0) 

(Log10(N/N0)/Jcm
-2

) 
Statistical 

(mWcm
-2

) (min) (Log10CFUml
-1

) (Log10CFUml
-1

) Reduction significance 

400 ± 5  7.5 172 5.02 (± 0.04) 3.71 (± 0.84) 1.31* 0.017 0.000 

405 ± 5  8.6 150 5.02 (± 0.07) 3.42 (± 0.43) 1.60* 0.021 0.000 

410 ± 5  7.2 180 5.06 (± 0.08) 4.02 (± 0.50) 1.04* 0.014 0.000 

415 ± 5  7.5 171 4.93 (± 0.18) 4.08 (± 0.71) 0.85* 0.011 0.000 

420 ± 5  7.7 166 5.02 (± 0.02) 4.25 (± 0.41) 0.77* 0.010 0.000 

430 ± 5  7.3 175 5.05 (± 0.07) 4.67 (± 0.13) 0.38* 0.005 0.002 

440 ± 5  8.3 154 5.08 (± 0.03) 5.05 (± 0.05) 0.02 0.000 0.435 

450 ± 5  8.3 154 5.09 (± 0.03) 5.09 (± 0.06) 0.01 0.000 0.852 
*
Significant bacterial log10 reductions, calculated at a 95% confidence interval (p value < 0.05). (Light-exposed sample value was significantly 

different from control value).  
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5.5.2.3 Wavelength sensitivity of MRSA  

Fig. 5.7 shows the log10 reduction and germicidal efficiency for MRSA in suspension. 

The peak significant log10 reduction (1.73-log10) was again achieved through 

exposure to 405 (± 5) nm with significant log10 reductions resulting with exposure to 

400 – 430 nm bandwidths.  

Good germicidal activity against MRSA was observed using wavelengths of 400 nm 

and 405 nm, with the germicidal efficiency peak at 405 (± 5) nm, as shown in  

Fig. 5.7. Summary values for inactivation of MRSA suspension through bandpass 

filters (400 – 450 nm) at dose of 92.5 Jcm
-2

 are listed in Table 5.7. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7. Log10 (N/N0) reduction and germicidal efficiency of MRSA as a function of 

wavelengths (in the range 400 – 450 nm) when exposed to a dose of 92.5 Jcm
-2

. 
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Table 5.7 Summary values for inactivation of a 10
5
 CFUml

-1
 MRSA suspension following exposure to bandpass filters in the range 400 – 450  nm, each 

with a dose of 92.5 Jcm
-2

 

 

Bandwidth 

(nm) 

Irradiance 
Exposure 

Time 

Initial 

Population, N0 

Final 

Population, N 
Log10(N/N0) 

(Log10(N/N0)/Jcm
-2

) 
Statistical 

(mWcm
-2

) (min) (Log10CFUml
-1

) (Log10CFUml
-1

) Reduction significance 

400 ± 5 7.5 206 4.78 (± 0.24) 3.35 (± 0.34) 1.33* 0.014 0.000 

405 ± 5 8.6 180 4.71 (± 0.04) 2.98 (± 0.30) 1.73* 0.019 0.000 

410 ± 5 7.2 215 4.83 (± 0.15) 4.03 (± 0.08) 0.79* 0.009 0.000 

415 ± 5 7.5 205 5.02 (± 0.08) 4.66 (± 0.10) 0.36* 0.004 0.002 

420 ± 5 7.7 200 4.97 (± 0.02) 4.61 (± 0.01) 0.36* 0.004 0.000 

430 ± 5 7.3 210 4.87 (± 0.05) 4.75 (± 0.01) 0.12* 0.001 0.026 

440 ± 5 8.3 185 5.03 (± 0.07) 4.99 (± 0.08) 0.05 0.001 0.453 

450 ± 5 8.3 185 4.90 (± 0.21) 4.71 (± 0.24) 0.19 0.002 0.198 

*
Significant bacterial log10 reductions, calculated at a 95% confidence interval (p value < 0.05). (Light-exposed sample value was significantly different 

from control value).  
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5.6 Discussion and Conclusions 

Results from this study have demonstrated that visible light treatment using 

wavelengths of >400 nm, <500 nm and 400-500 nm are effective for inactivation of 

L. monocytogenes in suspension, with up to a 5-log10 reduction being achieved using 

the doses applied in this study. Approximately 5-log10 reduction of L. monocytogenes 

was achieved after exposure to wavelengths of <500 nm for 80 min, 400-500 nm 

wavelengths for 100 min and wavelengths of >400 nm for 180 min. The most rapid 

inactivation rate was found using <500 nm light and this is readily explained as some 

UV-A light will have been present, which is known to have considerable bactericidal 

effects. When wavelengths within the visible region were investigated, the best rate 

of inactivation was found with 400-500 nm. No inactivation was found above 450nm 

at the dose levels used in this study, therefore the bacteria were most sensitive to 

visible light wavelengths in the region of 400-450 nm. 

During this study, sample temperatures were monitored before and after each 

exposure using a thermocouple (Digital Thermometer - KAM340, Kane-may, UK) 

with an accuracy of ± 1C and, no significant temperature effects were observed to 

occur, with the maximum sample temperature recorded as 32°C after the longest 

exposure time of 180 minutes. This means that inactivation of L. monocytogenes 

suspension was a result of visible light exposure alone and not due to any thermal 

effects. 

Many reports have been published on the use of visible light for inactivation of 

microorganisms using light sources with wavelengths of 400 nm and above. A study 

by Lipovsky et al. utilized broadband visible light in the range between 400 nm and 

800 nm to examine the phototoxic effect on the survival of two Staphylococcus 

aureus strains (MRSA and MSSA). The results showed around 99.8% reduction of 

MSSA and 55.8% reduction of MRSA was achieved after exposure to a dose of  

180 Jcm
-2

 [164]. Enwemeka et al. have also demonstrated the effectiveness of blue 

light at wavelengths >400 nm against MRSA. They found that an effective dose for 

inactivation was around 60 Jcm
-2

 [165].  
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The use of a similar treatment system for inactivation of S. aureus suspensions by 

Maclean et al. reported that 5-log10 reduction of S. aureus was achieved after 

exposure to a dose of 630 Jcm
-2

 using >400 nm light [116]. In the present study, 

L. monocytogenes suspensions can also be inactivated with 4.7-log10 reduction with 

approximately double the dose (1361 Jcm
-2

). The data shows that L. monocytogenes 

is more resistant than S. aureus to inactivation at wavelengths of >400 nm.  

Results from Table 5.5, Table 5.6 and Table 5.7 have highlighted the causative 

wavelengths as being 400 nm to 420 nm, with the most effective bactericidal activity 

at 405 (± 5) nm in the case of all three bacterial species. The calculation of 

germicidal efficiencies associated with the treatment of L. monocytogenes, S. aureus 

and MRSA resulted in values of 0.012 log10(N/N0) per Jcm
-2

, 0.021 log10(N/N0) per 

Jcm
-2 

and 0.019 log10(N/N0) per Jcm
-2

, respectively. The results showed that the 

germicidal efficiency value for L. monocytogenes is lower than MRSA and S. aureus, 

which means that L. monocytogenes is more resistant than MRSA and S. aureus to 

inactivation at wavelength of 405 (± 5) nm.   

Previous work on the visible-light inactivation of S. aureus [115-117, 166, 167] has 

found 405 nm light to be an effective wavelength for photodynamic inactivation 

without the use of exogenous photosensitizers. These results correlate well with the 

new results in the present study using the organisms, L. monocytogenes and MRSA, 

with the peak log10 reductions in all cases, resulting from exposure to 405 (± 5) nm. 

Experimental work in the present study shows similar results to previous published 

[116] on visible-light inactivation of S. aureus which demonstrates that 405 (± 5) nm 

is the most effective visible-light wavelength for inactivation.  

The effectiveness of visible light for inactivation of Bacillus thuringiensis spores has 

been reported by Griego et al., which showed the most effective wavelength for 

killing the spores was 400 nm. They mentioned that the absorbance peak occurred in 

the range between 400 nm and 420 nm [168]. Visible-light inactivation through 

exposure to 400  420 nm is thought to be the result of the photo-stimulation of 

intracellular porphyrins, which produces singlet oxygen (
1
O2) which reacts with 

intracellular components, and causes bacterial cell death [111, 114, 169]. The 

mechanism of inactivation is likely to be the same as that in the present study and 
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this has been discussed in depth in Section 2.8.6.2 This correlates well with the 

results in the present study, which show that L. monocytogenes, S. aureus and MRSA 

are susceptible to light of wavelength 400 – 410 nm. 

The significant result obtained from this part of the study was the identification of 

405 (± 5) nm as the most effective wavelength for inactivation of L. monocytogenes, 

S. aureus and MRSA. This will enable the use of alternative light sources, which are 

more suitable than the broad-spectrum Xenon lamps for future work.  
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CHAPTER 6 

6  INVESTIGATION INTO THE USE OF 405 nm 

HIGH-INTENSITY NARROW-SPECTRUM 

LIGHT (HINS-LIGHT) FOR BACTERIAL 

INACTIVATION 

6.1 General 

The previous chapter has demonstrated that Listeria monocytogenes, Staphylococcus 

aureus and meticillin-resistant Staphylococcus aureus (MRSA) could be inactivated 

using visible light. Through observation of the inactivation results for all the bacteria, 

the most effective wavelength for inactivation of L. monocytogenes, S. aureus and 

MRSA in liquid suspension is at a wavelength of 405 (± 5) nm. Use of 405 nm for 

bacterial inactivation has been documented in numerous recent publications [115-

118, 166, 167] and this technology has been termed high-intensity narrow-spectrum 

light or ‘HINS-light’ by researchers in ROLEST, who have a granted UK patent, and 

filed international patents. 

This chapter examines and discusses the use of 405 nm HINS-light for inactivation 

of a range of bacterial species commonly associated with healthcare and foodborne 

infections. The work has been split into three parts: 

 In Part I, the study examines the use of different 405 nm light sources for 

bacterial inactivation. The sources used were (i) a continuous xenon 

broadband white-light in conjunction with a 405 (± 5) nm optical filter 

(hereinafter referred to as 405 nm filtered light), and (ii) 405 nm light 

generated from light-emitting diodes (LEDs) (hereinafter referred to as 

405 nm high-intensity LED array). It is important to note that the use of 

“405 nm”, with regard to the optical filter and LED arrays employed in the 

study, refers to the manufacture’s description of these products. Analysis of 

the emission spectrum (see Fig. 6.1) showed that the measured peaks at this 
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stage in the study were closer to 400 nm. This variability was particularly 

associated with the LED sources which, because of technical manufacturing 

difficulties, could not be guaranteed to have peak values at precisely 405 nm 

and some of the purchased arrays had peaks slightly above and below this 

value. Nevertheless, with this limitation stated, the sources used in the 

following studies will be referred to as 405 nm sources. 

 In Part II, the study focuses on the use of 405 nm light generated from light-

emitting diodes (LEDs) for inactivation of foodborne pathogens including 

Listeria monocytogenes, Salmonella enteritidis, Shigella sonnei and 

Escherichia coli 0157:H7.  

 In Part III, the dose-dependent nature of bacterial inactivation using 405 nm 

high-intensity light is investigated.  

 

6.2 The effect of using different 405 nm light sources for  bacterial inactivation  

6.2.1 405 nm Filtered Light 

As described in Section 5.2.1 and Section 5.3.2, light treatment using 405nm filtered 

light was achieved using a continuous xenon broadband white-light source in 

conjunction with a 405 (± 5) nm bandpass filter. The emission spectra of the 405 nm 

filtered light is shown in Fig. 6.1. It can be seen that the peak wavelength for the 

405 nm filtered light was measured to be 401.51 nm. 

 

 

 

 

 

 

 

Fig. 6.1. Emission spectra of 405 nm light sources. 
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6.2.2 405 high-intensity LED array 

The 405 nm light source used was a light emitting diode in the form of a close-

packed rectangular array with 99 individual LEDs in an 11 by 9 matrix (0D-405-99-

070, OptoDiode Corp, USA), and had a manufacture’s stated output emission 

bandwidth of 405 nm (14 nm FWHM). The power output and radiation beam angle 

were 1.3 W and 70, respectively. The LED array was bonded to a heat sink fan. This 

ensured that during operation the temperature of the LED array was maintained 

around 30 C and ensured that any heat produced by the LED array had no effect on 

the bacterial samples. The LED array is pictured in Fig. 6.2. The emission spectrum 

of the 405 nm high-intensity LED array, as tested in our laboratory is shown in Fig. 

6.1. It can be seen that the peak wavelength for the 405 nm LED array tested at this 

stage in the work was 400.46 nm. 

 

 

 

 

 

 

(a)                                                         (b) 

Fig. 6.2. (a) 405 nm high-intensity LED array source, and (b) Photograph of the heat sink 

and fan to which the LED array is bonded (on the underside). 

 

6.2.3 Experimental Methods 

For exposure to 405 nm filtered light, the protocol as described in Section 5.3.1 was 

followed. The exposure distance (5 cm) and output intensity of the lamp were 

maintained constant throughout the experiments, providing an irradiance of 

8.6 mWcm
-2 

for inactivation of bacteria.  

The 405 nm LED array (with heat sink and fan) was mounted in a polyvinyl chloride 

housing which held the array in position directly above one well of a 12-well plate 
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(Fig 6.3). For all experiments the voltage was set to 8.9 ± 0.1 V with a current of 

0.14 ± 0.01 A, giving an intensity of 8.6 mWcm
-2

 at the surface of the suspension 

(2 cm distance from the LED array).  

For bacterial exposure to both 405 nm filtered light and 405 nm high intensity light 

from the LED array, 2 ml volumes (with 7 mm depth) of bacterial suspension were 

held in one well of a 12-well plate. The well also contained a small magnetic 

follower, which when positioned on a magnetic stirrer, permitted continuous 

agitation of the sample. Bacterial samples were then exposed to different durations of 

light. Control samples were set-up using the same procedure but not exposed to 

405 nm light sources (Fig 6.3). 

The well of a 12-well plate which contained the bacterial sample and a small 

magnetic follower which was used in the study is shown in Fig. 6.4.  

 

 

 

 

 

Fig. 6.3. Experimental set-up for bacterial inactivation using the 405 nm high-intensity LED 

array.  

 

 

 

 

 

 

 

Fig. 6.4. Sample well used for bacterial exposure. 
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6.2.4 Bacterial Preparation and Enumeration 

The microorganisms used for this experiment were Listeria monocytogenes, 

Staphylococcus epidermidis, Staphylococcus aureus and MRSA. Bacteria were 

cultured and prepared for experimental use as described in Section 3.2.2. Two ml 

volumes of bacterial suspension with a population density of 10
5
 CFUml

-1
 were used 

in the experiments. After light exposure, bacteria were plated, incubated and 

enumerated as described in Section 3.4.  

6.2.5 Experimental Results: Comparison of inactivation of bacterial 

suspensions using 405 nm filtered light and a 405 nm LED array 

Fig. 6.5, Fig. 6.6, Fig. 6.7 and Fig. 6.8 allows comparison of the results of 

inactivation of bacterial suspensions using two different 405 nm light sources, each 

with an irradiance at 8.6 mWcm
-2

.  It can be observed from Fig. 6.5 that the log10 

reduction of S. aureus after light exposure to the 405 nm filtered light and the 405 

nm LED array followed a similar trend, and all data points demonstrate no 

significant difference when both light sources are compared. For inactivation of 

S. aureus suspension as shown in Fig. 6.5, it can be seen that 4.7 and 4.6-log10 

reduction in bacterial population could be achieved with a dose of 154.1 Jcm
-2

 for 

both a 405 nm filtered light and a 405 nm LED array, respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5. Log10 (N/N0) reduction as a function of dose for inactivation of 10
5
 CFUml

-1
 

Staphylococcus aureus suspension.  



 

 103 

Fig. 6.6 shows log10 reduction as a function of dose for MRSA. Again both trend 

lines follow a similar pattern, and all data points demonstrate no significant 

difference when both light sources are compared, but a slightly more rapid reduction 

of MRSA occurred with doses between 30.8 Jcm
-2

 and 92.5 Jcm
-2

 when exposed to 

the 405 nm high intensity LED array. The complete inactivation of MRSA was 

achieved after exposure to a dose of 123.3 Jcm
-2

; with exposure to both light sources 

resulting in a 5-log10 reduction. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6. Log10 (N/N0) reduction as a function of dose for inactivation of 10
5
 CFUml

-1
  

MRSA 16a suspension.  

 

For light treatment of S. epidermidis (Fig. 6.7) and L. monocytogenes (Fig 6.8), again 

there was no significant difference for all data points and the same pattern of 

reduction in bacterial population is shown with exposure to both light sources.  

For both light-exposed and control samples, temperature was also monitored during 

treatment for each independent experiment to ensure that bacterial suspensions were 

not being heat-stressed during light exposure. During experiments, the temperature 
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only rose to a maximum of around 30 C after exposure for light exposed samples 

and around 29 C for control samples.  

 

 

 

 

 

 

 

 

 

Fig. 6.7. Log10 (N/N0) reduction as a function of dose for inactivation of 10
5
 CFUml

-1
 

Staphylococcus epidermidis suspension.  

 

 

 

 

 

 

 

 

 

Fig. 6.8. Log10 (N/N0) reduction as a function of dose for inactivation of 10
5
 CFUml

-1
 

Listeria monocytogenes suspension.  
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6.3 Inactivation of important foodborne pathogen using the 405 nm high-

intensity LED array  

The use of 405 nm high-intensity light for inactivation of important foodborne 

bacterial pathogens such as Listeria monocytogenes, Salmonella enteritidis, Shigella 

sonnei and Escherichia coli 0157:H7 is investigated in this section. In addition to this, 

inactivation of other species of Listeria is investigated to determine whether similar 

inactivation kinetics are found within bacteria of the same genera. 

6.3.1 Material and Methods 

6.3.1.1 Microorganisms 

The microorganisms used in this experiement were L. monocytogenes, L. ivanovii, 

L. seeligeri, Salmonella enteritidis, Shigella sonnei and E.coli 0157:H7. 

Microorganisms were cultured and prepared for experimental use as described in 

Section 3.2.2. Two ml volumes of bacterial suspension with a population density of 

10
5
 CFUml

-1
 were used in the experiments. After light exposure, bacteria were 

plated, incubated and enumerated as described in Section 3.4.  

6.3.1.2 Exposure to 405 nm high-intensity LED array 

The experimental set-up used in these experiments is described in Section 6.2.3 

(Fig. 6.3). The irradiance was set at 85.6 mWcm
-2

 at the surface of the suspension 

throughout the experiments. Two ml volumes of bacterial suspensions were 

continuously agitated and exposed to increasing durations of 405-nm light before 

being plated onto agar plates and incubated at 37 C for 24 hours. Control samples 

were set-up using the same procedure but exposed to normal laboratory lighting only. 

 

6.3.2 Experimental Results 

Fig. 6.9 shows the results of all three species of Listeria after exposure to 405 nm 

high-intensity light from the LED array with an irradiance of 85.6 mWcm
-2

. When 

the three species of Listeria were exposed to a dose of 185 Jcm
-2

, approximately 3.78, 

3.90 and 3.4-log10 reductions in bacterial population were achieved for 

L. monocytogenes, L. ivanovii and L. seeligeri, respectively. It can be observed from 
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Fig. 6.9 that when the three species of Listeria were exposed to 405 nm light from 

the LED array this resulted in similar patterns of inactivation.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9. Inactivation curve of three species of Listeria after exposure to 405 nm high-

intensity light from an LED array with an irradiance of 85.6 mWcm
-2

.  

 

When three different doses (61.6, 123.3 and 185 Jcm
-2

) were used for inactivation of 

the three species of Listeria, and surviving populations of L. ivanovii were compared 

to L. monocytogenes, results demonstrated that a significant difference was achieved 

after exposure to a dose of 123.3 Jcm
-2

. However no significant difference resulted 

when the surviving population of L. seeligeri was compared to L. monocytogenes for 

these doses. A significant difference was also observed after an applied dose of 

123.3 Jcm
-2

 when the surviving population of L. ivanovii was compared to 

L. seeligeri. However although some such differences were recorded, overall the 

pattern of results indicated that the use of 405 nm light from the LED array for 

inactivation of the three species of Listeria resulted in similar inactivation kinetics 

for bacteria within the same genus. 

Fig. 6.10 is an inactivation curve for inactivation of S. enteritidis using the 405 nm 

LED array treatment. It can be observed from Fig. 6.10 that S. enteritidis proved 
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more resistant to inactivation, with a 1.3-log10 reduction achieved after 740 Jcm
-2

 of 

exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.10. Inactivation curve for Salmonella enteritidis after exposure to the 405 nm high-

intensity light from an LED array with an irradiance of 85.6 mWcm
-2

.  

 

Fig. 6.11 shows the effect of the 405 nm LED array treatment for Sh. sonnei, with a 

3.9-log10 reduction in bacterial population achieved after exposure to a dose of 555 

Jcm
-2

. When Sh. sonnei suspensions were exposed to the 405 nm LED array with a 

dose of 740 Jcm
-2

, the total surviving population was less than 10
1
 CFUml

-1
 (4.7-

log10 reduction).  

Significant log10 reduction of E. coli 0157:H7 was achieved after exposure to a dose 

more than 370 Jcm
-2

, as shown in Fig. 6.12. It can be observed from Fig. 6.12 that 

with an applied dose of 555 Jcm
-2

, E. coli 0157:H7 suspensions could be inactivated 

with a 4.2-log10 reduction in bacterial population.  
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Fig. 6.11. Inactivation curve for Shigella sonnei after exposure to the 405 nm high-intensity 

light from an LED array with an irradiance of 85.6 mWcm
-2

.  

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 6.12. Inactivation curve for Escherichia coli 0157:H7 after exposure to the 405 nm 

high-intensity light from an LED array with an irradiance of 85.6 mWcm
-2

.  
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When the inactivation curve for L. monocytogenes is compared to those for 

S. enteritidis, Sh. Sonnei and E. coli O157:H7, the results show that 

L. monocytogenes is more susceptible than the three other bacteria, whereas 

S. enteritidis is the most resistant. 

To ensure bacterial samples were not affected by heat during light exposure, control 

samples and light exposed samples had their temperature monitored during each 

independent experiment. Temperatures were found to only rise to around 30 C after 

light exposure, and around 29 C for control samples.  

6.4 405 nm dose-dependence experiments  

In this Section, the aim of the study was to investigate whether inactivation of 

bacterial suspensions using 405 nm high-intensity light was a dose-dependent effect. 

In order to investigate the dependence of the applied dose of 405-nm light on the 

inactivation of suspensions of L. monocytogenes, samples were exposed to four 

different doses: 61.6, 92.5, 123.3 and 154.1 Jcm
-2

. For these four different doses, 

samples were exposed to four different irradiances levels (8.6, 44.7, 66.1 and 

85.6 mWcm
-2

), with the exposure time being adjusted in order to maintain the same 

dose exposure for each experiment. This was done by adjusting the exposure time 

according to the equation:  

   ,H E t       (6.1) 

where, H = radiant exposure (dose) in Jcm
-2

, E = irradiance in Wcm
-2

, and  

t = exposure time in seconds [170]. 

Table 6.1 shows the inactivation parameters for dose-dependence experiments for 

L. monocytogenes exposure to the 405 nm high-intensity LED array.  
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Table 6.1 Summary inactivation parameters for dose-dependence experiments 

Dose Irradiance Exposure Time Voltage Current 

(Jcm
-2

) (mWcm
-2

) (Min) (± 0.1 V) (± 0.1 A) 

61.6 

8.6 120 8.9 0.1 

44.7 23 9.7 0.4 

66.1 16 10.1 0.6 

85.6 12 10.5 0.7 

92.5 

8.6 180 8.9 0.1 

44.7 34 9.7 0.4 

66.1 23 10.1 0.6 

85.6 18 10.5 0.7 

123.26 

8.6 240 8.9 0.1 

44.7 46 9.7 0.4 

66.1 31 10.1 0.6 

85.6 24 10.5 0.7 

154.1 

8.6 300 8.9 0.1 

44.7 57 9.7 0.4 

66.1 39 10.1 0.6 

85.6 30 10.5 0.7 

 

 

6.4.1 Experimental method for inactivation of L. monocytogenes in liquid 

suspension with differing irradiance levels 

The experimental set-up used in this set of experiments is described in Section 6.2.3 

(Fig. 6.3). Two ml volumes of bacterial suspension were continuously agitated and 

exposed to increasing durations of 405 nm light, using four different irradiance levels: 

8.6, 44.7, 66.1 and 85.6 mWcm
-2

 at the surface of suspension, before being plated 

onto agar and incubated at 37 C for 24 hours. Control samples were set-up using the 

same procedure but exposed to normal laboratory lighting. 

 

6.4.2 Experimental results  

Table 6.2 and Fig. 6.13 show inactivation data for L. monocytogenes exposed to 

405 nm light using four different irradiances.   
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When L. monocytogenes was exposed to 405 nm light with irradiance of  

8.6 mWcm
-2

,
 
significant log10 reductions were achieved after exposure to a dose of 

more than 92.5 Jcm
-2

. Around 2.4-log10 reduction was achieved after exposure to a 

dose of 154.1 Jcm
-2

. When an irradiance of 44.70 mWcm
-2

 was used for inactivation 

of L. monocytogenes, it can be seen that a 3.59-log10 reduction in bacterial 

population was achieved after exposure to a dose of 154.1 Jcm
-2

. 

As stated in Table 6.2, an irradiance of 66.1 mWcm
-2

 was also used for inactivation 

of L. monocytogenes. The results demonstrate that around 0.01-log10 reduction in 

bacterial population was achieved after exposure to a dose of 61.6 Jcm
-2

. Increasing 

the dose up to 154.1 Jcm
-2

 causes a significant 3.82-log10 reduction of 

L. monocytogenes. Results following exposure to 405 nm light with an irradiance of 

85.6 mWcm
-2

 show that significant log10 reductions were achieved after applied 

doses of 123.3 and 154.1 Jcm
-2

, with 1.79, and 3.57-log10 reduction in bacterial 

population, respectively. 

 

 

 

 

 

 

 

 

 

Fig. 6.13. Dose-dependence experiments investigating the inactivation rate of  

L. monocytogenes following exposure to a 405 nm high-intensity LED array with differing 

irradiance levels.
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Table 6.2 Summary results for dose-dependence experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

*
Significant bacterial log10 reductions, calculated at a 95% confidence interval (p value ≤ 0.05). (Light-exposed sample 

value was significantly different from control value).
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The overall results demonstrate that when L. monocytogenes is exposed to 405 nm 

light using four different irradiances similar patterns of inactivation curves and 

inactivation kinetics are achieved. The results clearly indicate that inactivation of 

L. monocytogenes in liquid suspension using 405 nm LED array is a dose-dependent 

reaction. 

 

6.5 Discussion and Conclusions 

In Part I, the study has compared data for inactivation of S. aureus, MRSA, 

S. epidermidis and L. monocytogenes using the 405 nm filtered light and 405 nm 

LED array. When the inactivation kinetics of bacteria were compared using the 

405 nm HINS-light generated from a light emitting diode (LED) array and using the 

405 nm filtered light from a Xenon lamp, similar results were found for each strain 

of bacteria, indicating that the applied dose of 405 nm light was the important factor, 

not the light source. 

Fig. 6.5 shows the log10 reduction curve of S. aureus suspension through exposure to 

the 405 nm LED array. It can be observed from Fig 6.5 that the complete 

inactivation of S. aureus was achieved after exposure to a dose of 154.1 Jcm
-2

 with a 

4.6-log10 reduction in bacterial population. From the data, shown in Fig. 6.6, it can 

be seen that significant log10 reduction in bacterial population were achieved after 

light exposure to a dose above 60 Jcm
-2

 and the complete inactivation (5-log10 

reduction in bacterial population) of 10
5
 CFUml

-1
 MRSA was achieved after light 

exposure to a dose of 123.3 Jcm
-2

.  

A previous study by Maclean et al. which utilized a similar treatment system, 

achieved 5-log10 reductions of the bacteria S. aureus and MRSA after exposure to a 

dose of 36 Jcm
-2

 and 45 Jcm
-2

 of 405 nm HINS-light, respectively [117]. Meanwhile, 

a study by Murdoch demonstrated that 5-log10 reduction of S. aureus and MRSA 

were achieved with exposure to a dose of 144 and 108 Jcm
-2

, respectively, of 405 nm 

HINS-light [159]. The results shown in the present study are similar to those 

achieved in the study by Murdoch. When the results of inactivation of S. aureus and 

MRSA in the present study are compared to a study by Maclean et al., several times 
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the applied doses were required to achieve the same level of bacterial log10 reduction, 

respectively. The possible reason for these differences in results could be due to 

differences in the experimental protocols used for preparation of the bacterial 

cultures and differences in the light treatments applied. 

The effectiveness of visible light for photodynamic inactivation of S. aureus in 

conjunction with exogenous photosensitiser is also compared to that found in the 

present study. Zaeina et al. has demonstrated the use of standard light (white light) in 

combination with methlyne blue (100 g.ml
-1

) for inactivation of S. aureus [171]. 

They found that a 5-log10 reduction in bacterial population was achieved after an 

applied dose of 25.2 Jcm
-2

 [171]. A study by Lambrechts et al. reported that S. 

aureus can be inactivated by a white light source from a 500 W halogen lamp in 

conjunction with TriP[4], an approximately 5-log10 reduction was achieved after 

exposure to a dose of 27 Jcm
-2

 [172]. Other studies by Bertoloni et al.  [173] and 

Nitzan et al. [174] have also demonstrated the effectiveness of white light in 

combination with hematoporphyrin (10 g.ml
-1

) and -ALA induced porphyrins for 

inactivation of S. aureus, respectively. They found that 4.5 and 2.5-log10 reductions 

in bacterial population were achieved after applied doses of 3.6 and 75 Jcm
-2

, 

respectively [173, 174]. Studies which used dyes as the photosensitising molecules 

(the use of exogenous photosensitisers) have demonstrated that applied doses of 

approximately 2 – 6 times less than in the present study resulted in similar log10 

reduction in bacterial population [171-174]. However, the present study has shown 

that photodynamic inactivation of S. aureus can be achieved without the addition of 

exogenous photosensitisers.   

As stated in Table 5.4, L. monocytogenes can be inactivated by exposure to 

wavelengths of 400-500 nm and >400 nm filtered light, with a 5.1 and 4.7-log10 

reduction in bacterial population, after light exposure to a dose of 907 and  

1360.8 Jcm
-2

, respectively. These data are valuable to compare to inactivation data 

gained using both the 405 nm filtered light and 405 nm LED array (the results are 

compared in Table 6.3). Germicidal efficiency data demonstrates that the use of the 

405 nm high-intensity LED array  and 405 nm filtered light for inactivation of 
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L. monocytogenes had much higher germicidal efficiency when compared to that for 

the use of >400 nm and 400-500 nm filtered light from the Xenon lamp.  

This result is readily explained when the emission spectra of the 405 nm light 

sources (filtered light from Xenon lamp and LED array) as shown in Fig. 6.1 and the 

emission spectrum of >400 nm and 400-500 nm filtered light from Xenon lamp as 

shown in Fig. 5.2 are compared. The main reason why the 405 nm light sources are 

much more efficient is because all the energy emitted is used for inactivation. 

However with the >400 nm and 400-500 nm light sources the energy emitted is 

broadband and only a small fraction of the energy is useful for inactivation. This 

result explains the low value of germicidal efficiency achieved for >400 nm and 400-

500 nm filtered light from the Xenon lamp after exposure to a dose of 1360.8  and 

907 Jcm
-2

, respectively.  

The germicidal efficiency of the 405 nm LED array and the 405 nm filtered light was 

similar, although the LED array was slightly more efficient. No significant 

difference was observed between the germicidal efficiency data from the 405 nm 

filtered light and the 405 nm high-intensity LED array. The reason is the fact that the 

405 nm filtered light from the Xenon lamp and the 405 nm HINS-light generated 

from an LED had nearly the same the peak wavelength, 401.51 nm for the 405 nm 

filtered light and 400.46 nm for the 405 nm high-intensity LED array, as well as a 

similar bandwidth (Fig. 6.1). As shown in Table 6.3, the germicidal efficiency for 

inactivation of L. monocytogenes was 0.025 log10 (N/N0) per Jcm
-2

 after exposure to 

a dose of 185 Jcm
-2

 (with an irradiance of 8.6 mWcm
-2

). When L. monocytogenes 

was exposed to the 405 nm high-intensity LED array at a dose of 185 Jcm
-2

 (with an 

irradiance of 85.6 mWcm
-2

), this resulted in a similar rate of inactivation, 0.02 log10 

(N/N0) per Jcm
-2

. This result clearly indicates that the applied dose for bacterial 

inactivation was the important factor, not the light source. 
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Table 6.3 Summary parameters for inactivation of 10
5
 CFUml

-1
 Listeria monocytogenes suspensions following exposure to >400 nm, 400-500 nm, 405 

nm filtered light from the Xenon lamp and from the 405 nm high-intensity LED array. 

 

 

Type of Inactivation 
Dose Exposure time 

Log10 (N/N0) Reduction 
Germicidal Efficiency 

(Jcm
-2

) (min) (Log10 (N/N0) per Jcm
-2

 

>400 nm filtered light 1360.8 180 4.7  0.003  

400-500 nm filtered light 907 120 5.1 0.006 

405 nm filtered light 185 360 4.4 0.024 

405 nm LED array 185 360 4.6  0.025 
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In Part II, the study investigated the use of a 405 nm LED array for inactivation of 

various foodborne pathogens. Comparative data for inactivation of three species of 

Listeria (Listeria monocytogenes, Listeria ivanovii and Listeria seeligeri), and also 

the significant Gram-negative food-borne pathogens Salmonella enteritidis, Shigella 

sonnei and Escherichia coli 0157:H7 following exposure to the 405 nm high-

intensity LED array are summarised in Table 6.4.  

When Sh. sonnei and E. coli 0157:H7 were exposed to the 405 nm LED array at a 

doses of 370 and 555 Jcm
-2

, the result shows quite similar the germicidal efficiency 

values, with 0.001 log10(N/N0) per Jcm
-2

 for a dose of 370 Jcm
-2

. Germicidal 

efficiency values of 0.007 log10 (N/N0) per Jcm
-2

 for Sh. sonnei and 0.008 log10 (N/N0) 

per Jcm
-2

 for E. coli 0157:H7 were achieved at a dose of 555 Jcm
-2

. 

Treatment of L. monocytogenes and the other Listeria species using the 405 nm LED 

array (Fig. 6.9) resulted in similar inactivation kinetics, indicating that bacteria 

within the same genus may undergo very similar inactivation reactions. This result 

obtained with different Listeria species shows a similar effect to that reported with 

different Staphylococcus species in by Maclean et al. [117]. 

Fig. 6.9 shows the inactivation curve for L. monocytogenes after exposure to the 

405 nm LED array with an irradiance of 85.6 mWcm
-2

. It can be observed from 

Fig. 6.9 that significant log10 reductions in bacterial populations were achieved after 

exposure to doses of 123.3, 154.1 and 185 Jcm
-2

, with 1.79, 3.57 and 3.72-log10 

reductions, respectively. When L. ivanovii was exposed to the 405 nm LED array 

with an irradiance of 85.6 mWcm
-2

, significant log10 reductions in bacterial 

populations were also achieved after an applied dose of 185 Jcm
-2

 (4.2-log10 

reduction), as shown in Fig. 6.9. The results, shown in Fig. 6.9, also demonstrate that 

significant log10 reductions of L. seeligeri were achieved after applied doses of 123.3 

and 185 Jcm
-2

, with 1.2 and 3.3-log10 reductions in bacterial population, respectively.  
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Table 6.4 Summary parameters for inactivation of Gram-positive and Gram-negative bacteria associated with foodborne diseases 

following exposure to the 405 nm high-intensity LED array 

 

Organism 
Irradiance Exposure Time Dose Log10 (N/N0) Jcm

-2
 per Germicidal Efficiency 

(mWcm
-2

) (min) Jcm
-2

 Reduction Log10 (N/N0) (Log10 (N/N0) per Jcm
-2

) 

Listeria monocytogenes   85.6 36 185 3.7 50.0 0.020 

Listeria ivanovii  85.6 36 185 4.1 45.1 0.022 

Listeria seeligeri  85.6 36 185 3.3 56.0 0.018 

Salmonella enteritidis  85.6 144 740 1.3 569.2 0.002 

Escherichia coli 0157:H7  85.6 108 555 4.2 132.1 0.008 

Shigella sonnei  85.6 144 740 4.7 157.3 0.006 
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Maclean et al. [117] and Murdoch et al. [118] have demonstrated E. coli inactivation 

using a 405 nm LED array light exposure. They found that E. coli could be 

inactivated with around 3.1 and 5.3-log10 reductions in bacterial populations after 

exposure to a dose of 180 and 288 Jcm
-2

, respectively. In the present study, with an 

application dose of around two times that used in the study by Murdoch et al., around 

4.2- log10 reduction of E. coli was achieved after application of a dose of 555 Jcm
-2

. 

Murdoch et al. also reported that S. enteritidis in liquid suspension can be inactivated 

by 405 nm light exposure, with a 3-log10
 
reduction achieved after exposure to a dose 

of 288 Jcm
-2 

[118].  

In the present study suspensions of E. coli and Sh. sonnei required 3 – 4 times the 

dose for log reductions similar to those achieved with Listeria. S. enteritidis was 

found to be the least susceptible of the organisms tested, with a reduction of 

approximately 1.3-log10 after exposure to 4-times the dose (740 Jcm
-2

). This is 

similar to the trend found in the study by Maclean et al. [117] which showed that, in 

general, Gram-positive organisms required lower doses of 405-nm light exposure for 

inactivation to be initiated.   

The inactivation kinetics of all the organisms (Fig. 6.9 – Fig.6.12) investigated in this 

study show a sigmoidal shape, similar to those from previous studies [116-118]. The 

mechanism of action of the 405 nm light is hypothesised to be the result of the 

photoexcitation of endogenous porphyrin molecules, the levels and types of which 

may vary from genus to genus, and species to species. A build-up of oxidative 

damage, which occurs as a result of the generation of singlet oxygen and other 

reactive oxygen species, must occur before any damaging effects become evident 

through viable colony-forming unit counts – evident through the initial lag phase of 

the inactivation curve. Once oxidative damage becomes physically detrimental, cell 

death appears to occur at a relatively rapid rate. The focus of the present study was to 

investigate the wavelength sensitivity and inactivation kinetics of L. monocytogenes, 

and did not investigate the oxidative damage to the bacterial cells, however 

expansion of knowledge on the mechanism of action would be extremely 

advantageous in order to further understand and exploit this inactivation method for 

novel decontamination processes. 
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There is only limited data in the literature investigating the photodynamic 

inactivation of Listeria through visible-light exposure without the addition of 

exogenous photosensitisers. The present study presents for the first time the 

inactivation of Listeria species through exposure to 405 nm light without the addition 

of photosensitiser molecules or other pre-treatments.  

Much of the literature focuses on photodynamic inactivation processes that use 

Listeria populations that have been pre-incubated with molecules which either 

increase synthesis of endogenous porphyrin levels prior to light exposure, or act as 

photosensitizing agents themselves. Buchovec et al. [175] reported that (7.5 mM) 5-

aminolevulinic acid (ALA) used in conjunction with a 400 nm LED-based light 

source could be used to inactivate of L. monocytogenes. They achieved a 3.7-log10 

reduction on packaging material, a 3.1-log10 reduction in bacterial biofilms and a 4-

log10 reduction in L. monocytogenes cell suspensions after exposure to a dose of 

20 Jcm
-2

. A study by Luksiene et al. utilized a 405 nm LED with an intensity of 20 

mWcm
-2

, in conjunction with Na-Chlorophyllin (Na-Chl)-based photosensitization 

for inactivation of Listeria monocytogenes in PBS suspension and on packaging 

surfaces [176]. They found that with a dose of 36 Jcm
-2

 Listeria in suspension could 

be inactivated by 7-log10, and for packaging surfaces, results demonstrated that Na-

Chl-based photosensitization, was much more effective against Listeria than 

washing with water or 200 ppm sodium-hypochlorite, with respective log10 

reductions in bacterial population of 4.5, 1.7 and <1 being achieved [176].  

A further study by Paskeviciute et al. employed a 400nm LED-based light source 

and Na-Chl for decontamination of the surface of strawberries seeded with 

L. monocytogenes, and after 30 minutes exposure to an irradiance of 20 mWcm
2

, 

pathogen levels were reduced by up to 98% [177]. These results highlight the 

accelerated inactivation rates which can be achieved when exogenous photosensitiser 

molecules are incorporated into the system. Although the inactivation of 

L. monocytogenes in the present study required much higher doses, this inactivation 

was achieved solely through exposure to 405-nm light. There can be significant 

advantages, particularly in practical decontamination applications, in attaining 

microbial inactivation without relying on the addition of exogenous chemicals. 



 

 121 

With regards to light-based decontamination technologies, the application of UV-

light for inactivation of the foodborne pathogen Listeria has been studied widely 

[178-183]. Rapid inactivation rates are achievable through the use of UV-light 

however, in some practical situations, there can be disadvantages such as its low 

penetrability, degradation of materials and human safety. Considering safety, the use 

of high intensity 405 nm light is significantly safer due to these wavelengths being 

part of the visible-light spectrum, and this coupled with the fact that inactivation 

occurs through exposure to light alone and does not require additional chemical 

pretreatments or molecules, this makes the use of this inactivation mechanism very 

attractive for a range of potential decontamination applications. 

In Part III of this study results have demonstrated dose-dependence effects for 

inactivation of L. monocytogenes in liquid suspension.  

Table 6.2 contains a summary of parameters applied during dose-dependence 

experiments for inactivation of L. monocytogenes in liquid suspension as well as 

including all results that were achieved during the experiments.  

When the inactivation rates of L. monocytogenes following exposure to the 405 nm 

high-intensity LED array, using differing irradiance levels (dose of 61.6 Jcm
-2

) are 

compared, it can be seen that the highest log10 reduction (0.18-log10) was achieved 

after application of 8.6 mWcm
-2

 for 120 min exposure while the significant log10 

reduction in bacterial population being achieved through exposure to an irradiance of 

44.7 mWcm
-2

. As stated in Table 6.2, no significant log10 reductions in bacterial 

populations were observed when L. monocytogenes was exposed to a dose of 

92.5 Jcm
-2

 at the three irradiance levels tested (44.7, 66.1 and 85.6 mWcm
-2

). The 

inactivation rates for all four irradiance levels are quite similar, with an irradiance of 

85.6 mWcm
-2

 exposure displaying the highest rate of inactivation, and consequently 

it has the highest germicidal efficiency with a value of 0.0036 log10 (N/N0) per Jcm
-2

.  

Fig. 6.13 shows the results of dose-dependence experiments for the inactivation of 

L. monocytogenes in liquid suspension through exposure to the 405-nm LED array. 

It can be observed from Fig. 6.13 that over the range of applied doses, of 
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approximately 62 – 152 Jcm
-2

, the inactivation rate of L. monocytogenes is relatively 

similar when the same dose is applied using the four different light intensities. 

Table 6.5 also allows comparison of the bacterial reductions achieved with the 

different combinations of irradiance and dose applied in the dose-dependence 

experiments. Four different inactivation doses were investigated and for each of 

these doses, four irradiance levels were utilized. Statistical analysis showed no 

significant differences in inactivation rates when irradiances of 44.7, 66.1 and 85.6 

mWcm
-2

 are compared for the same applied dose. Although inactivation kinetics 

were similar, statistically significant differences in inactivation rate were however 

found when using an irradiance of 8.56 mWcm
-2 

for bacterial inactivation at doses of 

61.6 and 154.1 Jcm
-2

 (indicated by the asterisk in Table 6.5). Overall however, the 

results show that, over the range tested, the dose required for bacterial inactivation  

regardless of how it is applied  yields similar final populations. 

Overall, this study has demonstrated the sensitivity of L. monocytogenes to 405 nm 

light. Results have also proven that L. monocytogenes and other Listeria species, as 

well as other important foodborne pathogens including, E. coli 0157:H7, 

S. enteritidis and Sh. sonnei, can be successfully inactivated by exposure to high 

intensity 405 nm light. The results from this study, coupled with other recent 

literature, demonstrate the wide bactericidal activity of 405 nm light, providing 

justification for further investigation and development of 405 nm light for 

decontamination applications. It has also been shown that 405 nm LED arrays offer a 

compact and reliable light source that could be easily incorporated and used in 

practical decontamination systems. 
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Table 6.5 Statistical analysis of the comparative 405 nm light doses required for inactivation when applied using four different power 

densities: analysis of data graphically displayed in Fig.6.13   

 

Comparative irradiance 

levels for inactivation 

Statistical significance (p value) 

Dose of 61.6 Jcm
-2

 Dose of 92.5 Jcm
-2

 Dose of 123.3 Jcm
-2

 Dose of 154.1 Jcm
-2

 

8.6 mWcm
-2

 vs 44.7 mWcm
-2

 0.036* 0.939 0.282 0.01* 

8.6 mWcm
-2

 vs 66.1 mWcm
-2

 0.032* 0.666 0.268 0.231 

8.6 mWcm
-2

 vs 85.6 mWcm
-2

 0.039* 0.926 0.424 0.028* 

44.7 mWcm
-2

 vs 66.1 mWcm
-2

 0.527 0.735 0.906 0.346 

44.7 mWcm
-2

 vs 85.6 mWcm
-2

 0.763 0.971 0.237 0.698 

66.1 mWcm
-2

 vs 85.6 mWcm
-2

 0.412 0.822 0.18 0.486 

* Light-exposed sample value was significantly different to the light-exposed sample at the same level of inactivation dose for each applied 

irradiance level. (Significant differences in experiments are calculated using ANOVA (one way) with 95% confidence interval and p≤ 0.05 

using MINITAB Release 16). 
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CHAPTER 7 

7  INVESTIGATION INTO IRRADIANCE 

DISTRIBUTION OF LIGHT FROM AN LED LIGHT 

ENGINE 

7.1 General 

The work of the previous chapters has demonstrated the effectiveness of 405 nm 

high-intensity light for bacterial inactivation. For large-area environmental 

decontamination applications, work at the ROLEST facility has led to the 

development of a large-scale HINS-light prototype system [1]. This large-scale 

HINS-light Environmental Decontamination System (HINS-light EDS) has been 

developed for continuous decontamination of air and contact surfaces in occupied 

environments, and has been installed and successfully evaluated in a hospital 

environment, as shown in Fig. 7.1. The HINS-light EDS initial prototype design is a 

ceiling-mounted light source made up of light-emitting diodes (LEDs), covered by a 

Fresnel lens and diffuser, which emit a narrow band of high intensity visible light 

with peak output at 405 nm wavelength, blended with white light. HINS-light 

wavelengths cause photodynamic inactivation of bacteria without the use of 

exogenous photosensitizer molecules [1, 184]. This HINS-light EDS technology has 

many potential applications, for instances disinfection of air and surfaces in clinical 

environments, and disinfection of food contact surfaces. Despite the successful 

deployment of the initial prototype in the clinical environment, the system has some 

limitations, such as having power supplies which are not fully integrated, thermal 

management, and the light emission is more dominant in violet/blue than is desirable. 

Because the main components of the HINS-light EDS are LED light sources, the 

work of this chapter will concentrate on a study of Lambert’s cosine law to examine 

the irradiance distribution of a LED source for the design and development of an 

improved HINS-light EDS prototype. The study focuses on experimental work for 
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analysis of the irradiance distribution of a single LED array light source for both 

angular and linear distribution. To investigate the light distribution of the LED 

source used in the study the most important factor is the Lambertian mode number 

(m). Commonly, the Lambertian mode number (m) for each individual LED source is 

either provided by the manufacturer or can be determined by experimental methods. 

In practice, the Lambertian mode number (m) for each individual model of a LED is 

not identical, even though they are the same type and are from the same 

manufacturer. This fact justified an investigation of the Lambertian mode number (m) 

emitted from the LED source to be used in the new prototype HINS-light EDS to be 

developed later in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.1. HINS-light Environmental Decontamination System (HINS-light EDS) in a hospital 

isolation room (Glasgow Royal Infirmary, Scotland, UK).  

 

7.2 A study of the Lambertian mode number (m) 

The main aspects of this study have involved analytical studies of the Lambertian 

mode number (m) and investigation into the effect of space distance between a LED 

source and lens system (Fresnel lens and diffuser combination).  
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7.2.1 Light source 

The 405 nm light source used in the study was the ENFIS Uno Air Cooled Light 

Engine obtained from ENFIS Ltd, UK, pictured in Fig. 7.2. 

 

 

 

 

 

Fig. 7.2. The 405 nm LED array light engine. 

 

The 405 nm LED light engine in Fig. 7.2 is a light engine in the form of a close-

packed rectangular array with 25 individual LEDs, and had a manufacture’s stated a 

typical power output of 4.9 mW. It is a spot source with high electrical power of up 

to 38W, and a small emitting area (0.5 cm
2
). The light engine also has embedded 

thermistors to enable accurate feedback on LED chip temperature [Appendix C] 

[185]. The emission spectrum of the 405 nm high-intensity LED light engine is 

shown in Fig. 7.3. It can be seen that the peak wavelength was 405.72 nm with a 

bandwidth of 14 nm FWHM. 

 

 

 

 

 

 

 

Fig. 7.3. Emission spectrum of 405 nm LED light engine source. 
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7.2.2 Fresnel lens and diffuser 

The optical components used in this study were Fresnel lenses, one with a 2.54 cm 

focal length (LFQ2561) and another with  a 4 cm focal length (LFQ40100) obtained 

from Knight Optical Ltd., UK and a holographic Light Shaping Diffuser (LSD; 

L20P1-12) with a 20(FWHM) light shaping diffuser angle, sourced from LUMINIT 

LLC, USA. According to Knight Optical Ltd., UK “Fresnel lenses replace 

conventional lenses that have a curved surface with a series of concentric grooves, 

which are moulded into the surface of lightweight plastic sheets” [186].  

The Fresnel lens is used to distribute the light in the required manner, and a diffuser 

to help spread out or scatter light in some manner, in order to achieve a more uniform 

distribution of light. LSDs have 85 – 92% transmission across a wide wavelength 

range of 400 – 1600 nm [187]. This diffuser has two sides, one rough and one 

smooth. When light falls perpendicular to the surface of the diffuser, both of the 

sides result in different patterns of light distribution.  In the present study, only one 

configuration of lens system was used: the Fresnel lens and diffuser are arranged 

with rough-to-rough configuration, as shown in Fig 7.4. The complete configuration 

of the Fresnel lens and diffuser combination to be used in the HINS-light EDS is 

further discussed in Chapter 8. 

 

 

Fig. 7.4. The Fresnel lens and diffuser are arranged with rough-to-rough configuration. 

 

7.2.3 Radiant power meter 

All data measurements of irradiance from the light source were measured using a 

radiant power meter (model 70260, L.O.T.-Oriel Ltd., UK) in conjunction with a 

photodiode detector (model PD300-UV, OPHIR, UK). To ensure the accuracy of 

light measurement for irradiance distribution as a function of linear displacement, the 

detector was calibrated by cosine correction. The experimental setup for calibration 

of the meter is shown in Fig. 7.5. The head of the detector was positioned in either a 

flattened or tilted position at a distance of 50 cm below the LED array light engine, 
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and then irradiance data was measured starting at O until reaching 45 from position 

O; all measurements were repeated three times to get accurate data.  

Results, shown in Fig. 7.6, demonstrate that the head of the detector is angle 

dependent, meaning that all data measurements need cosine correction to ensure 

accurate measurement. The data measured with the detector both flattened and tilted 

correlates well with the data using cosine correction. When data is measured using 

the detector in the flattened position, to get the real data, these data measurements are 

divided by cosine correction. Meanwhile, if data measurements were taken using the 

detector in the tilted position, the real data is the data measurements multiplied by 

cosine correction. 

 

 

 

 

 

 

 

Fig. 7.5. Experimental setup for calibration of the radiant power meter. 

 

 

 

 

 

 

 

 

 

 

Fig. 7.6. Calibration data for radiant power meter. 
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7.2.4 Experiment methods for angular distribution 

Fig. 7.7 was used to examine the irradiance distribution as a function of the angular 

displacement. The 405 nm LED light engine is rotated about an axis directly through 

the head of detector (-90 to 90) and the irradiance distributions were measured at 

10, 15, 20 and 30 cm from that axis, as shown in Fig. 7.7a (Method A).   

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

Fig. 7.7. Photograph of equipment for analysis of the irradiance distribution as a function of 

the angular displacement for the LED light source: a) without a Fresnel lens and diffuser  
(Method A), b) with a Fresnel lens and diffuser (Method B). 
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For analysis of the irradiance distribution when the light is passing through the lens 

system, as shown in Fig. 7.7b, the space distance between the 405 nm LED array and 

the lens system (Fresnel lens and diffuser) was fixed at 4 cm. The space distance (4 

cm) has been selected for examination of the relationship between focal length and 

Fresnel lens. As with method A, the light source is rotated about an axis directly 

through the head of the detector (-90 to 90) and the irradiance distributions were 

measured at 10, 15, 20 and 30 cm from that axis (Method B). For all experiments the 

voltage was set to 11.25 ± 0.1 V with a current of 0.25 ± 0.01 A. 

7.2.4.1 Results for angular distribution without lens system (Method A) 

Fig. 7.8 shows the results of the irradiance distribution as a function of angular 

displacement without the lens system. It can be seen that the irradiance distribution 

of the 405 nm LED array has a bell-shaped pattern with peak irradiance when the 

light from the LED array falls on the detector surface at 0.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.8. Irradiance distribution as a function of the angular displacement for the LED light 

source without a Fresnel lens and diffuser. 
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In order to compare the angular distribution pattern of the LED array with the 

Lambertian pattern (m = 1, defined as “the luminous intensity in any direction from 

an element of a perfectly diffusing surface varies as the cosine of the angle between 

that direction and the perpendicular to the surface element” [2]). From Eq. (2.8), the 

angular distribution of the irradiance can be expressed as follows: 

0

( )
cos .mE

E


         (7.1) 

With data from Fig. 7.8, the angular distribution could be redrawn to polar plot, 

replacing irradiance (mWcm
-2

) with the relative intensity of irradiance (a.u.), as 

shown in Fig. 7.9. The relative intensity is the normalised power density from 

experimental data, 
0

( )E

E


. It can be observed from Fig. 7.9 that the irradiation pattern 

is nearly a Lambertian in pattern. 

 

 

 

 

 

 

 

 

Fig. 7.9. Angular distribution in the form of polar plot: the normalised irradiance as a 

function of angular displacement for the LED light source without a Fresnel lens and 

diffuser.  

 

Eq. (7.1) was used to provide a curve fit method to determine the Lambetian mode 

number (m) from the irradiance distribution. The normalised irradiances from 

experimental data as a function of angular displacement were analysed using QtiPlot 

0.9.8.5 svn 2126 to get the best fit curve, and this is plotted in Fig. 7.10. The curve 
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fitting method used in the study was the Scaled Levenberg-Marquardt (LM) 

algorithm with tolerance = 0.0001 and no weighting method. Levmar reported that 

the LM algorithm is a standard technique for non-linear least-squares problems, and 

can be considered as a combination of steepest descent and the Gauss-Newton 

method [188]. This algorithm is suitable for determining the Lambertian mode 

number (m) during the study due to the advantages in the fitting process. The fitting 

process depends on the starting parameter values are close to the minimum (optimum 

value), this algorithm acts as a steepest descent method (slow but guaranteed to 

converge), if solution is outlying from the correct solution, and the algorithm turn 

into a Gauss-Newton method, if the solution is nearly the correct solution [188].  

The results, shown in Fig. 7.10, demonstrate that the best curve fitting the 

experimental data for the Lambertian mode number (m) is with a value of 1.3. The 

results showed that the distance between the head of detector and the LED array did 

not give a significant effect. 

  

 

 

 

 

 

 

Fig. 7.10. The normalised irradiances from experimental data with the best curve-fitting 

value. 

 

7.2.4.2 Results for angular distribution with the lens system (Method B) 

Fig. 7.11 and Fig. 7.12 are the irradiance distribution of the 405 nm LED array as a 

function of the angular displacement with a diffuser and each of the Fresnel lenses, 

with focal lengths of 2.54 cm and 4 cm, respectively. Similarly, to the results in 
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Section 7.2.4.1, it can be seen that the irradiance distribution pattern is a bell-shaped 

curve. In comparison with the previous results, the angular distribution with a 

Fresnel lens and diffuser has a narrow distribution compared to the angular 

distribution without a Fresnel lens and diffuser.  

 

 

 

 

 

 

 

 

 

 

Fig. 7.11. Irradiance distribution as a function of the angular displacement for the LED 

light source with a Fresnel lens with a focal length of 2.54 cm and diffuser. 

 

 

 

 

 

 

 

 

 

 

Fig. 7.12. Irradiance distribution as a function of the angular displacement for the LED 

light source with a Fresnel lens with a focal length of 4 cm and diffuser. 
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Comparative data of relative intensity of irradiance as a function of angular 

displacement for the configurations of the diffuser with the Fresnel lens with a 2.54 

cm focal length, and the diffuser with the Fresnel lens with a 4 cm focal length, are 

plotted in Fig. 7.13 and Fig. 7.14, respectively. The results show that the irradiance 

pattern for the two types of Fresnel lens configurations have a light distribution of 

narrow spread with a value of < 30
0
 (FWHM).  A study of the Lambertian mode 

number (m) for both are summarised in Table 7.1. The best curve fitting of the 

Lambertian mode number (m) for experimental data was analysed using Eq. (7.1) by 

QtiPlot 0.9.8.5 svn 2126. As stated in Table 7.1, the Lambetian mode number (m) 

shows quite similar results when the study of Lambert’s cosine law uses the 

combination of the diffuser and Fresnel lens with focal length 4 cm, with a value in 

the range of 32 – 40. Whereas, the Lambertian mode number (m) for the combination 

of a diffuser and Fresnel lens with focal length 2.54 cm has a varying value ranging 

from 31 – 60.  The results indicate that both the Fresnel lens with the 2.54 cm focal 

length and the Fresnel lens with the 4 cm focal length have a pattern of irradiance 

distribution much narrow than the Lambertian pattern (m = 1) (see Fig. 7.13 and Fig. 

7.14).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.13. Angular distribution in polar plot: the normalised irradiances as a function of 

angular displacement for the LED light source with a Fresnel lens with a 2.54 cm focal 
length and diffuser. 
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Fig. 7.14. Angular distribution in polar plot: the normalised irradiances as a function of 

angular displacement for the LED light source with a Fresnel lens with a 4 cm focal 
length and diffuser. 

 

Table 7.1 Summaries of the Lambertian mode number (m)  

Fresnel Lens Space distance between LED 

array and Detector (cm) 

Lambertian mode 

number (m) 

Focal length = 2.54 cm 

10 60.2 ± 0.6 

15 35.6 ± 0.6 

20 41.2 ± 0.6 

30 30.3 ± 0.6 

Focal length = 4 cm 

10 40.2 ± 0.6 

15 35.2 ± 0.6 

20 35.0 ± 0.6 

30 32.2 ± 0.6 

 

 

7.2.5 Experimental methods for linear distribution analysis 

An illustration of the experimental arrangement used to assess the irradiance 

distribution as a function of linear displacement is pictured in Fig. 7.15. For light 

measurement without a Fresnel lens and diffuser (Method A), the detector head was 

shifted away from the centre every 10 cm until 200 cm, for instance at a distance of 



 

 136 

30 cm below the LED array. Space distances between the detector head and the LED 

array used in the study were 30, 40, 50, 60, 70, 80, 90, 100, 120, 120, 140 and 

150 cm in the centre. A similar method was used for the linear distribution analysis 

for light measurements with the diffuser and the Fresnel lenses with focal lengths of 

2.54 cm and 4 cm (Method B).  

An additional factor for Lambert’s cosine law study in this study was the space 

distance between the LED array and the lens system (Fresnel lens and 

diffuser). Three space distances were used in the study, and these were 2.5, 4, and 

10 cm. As described in Section 7.2.2, the Fresnel lens and diffuser were arranged 

with rough-to-rough configuration. For example, light measurement for linear 

distribution using the combination of the diffuser and the Fresnel lens with a focal 

length of 2.54 cm, used a value of 2.5 cm for the space distance between LED array 

and lens system (u) and 30 cm for the space distance between the LED array and 

detector head (z).  

Irradiance data was obtained from light measurements taken with the detector 

starting from the centre, at distance of 30 cm below the LED array, and then shifted 

away every 5 cm until 200 cm, and then repeat with different space distances 

between the LED array and lens system (u). The light source was driven using a 

power supply with fixed voltage and current (11.3 ± 0.1 V and 0.26 ± 0.01 A).  

7.2.5.1 Results for linear distribution without lens system (Method A) 

Fig. 7.16 shows the results of the irradiance distribution as a function of linear 

displacement. As with the pattern for angular distribution, the graph had has bell-

shaped curve with peak irradiance at a distance of 30 cm  below the LED array.   
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(a)         (b) 

Fig. 7.15. Experimental arrangement for analysis of linear distribution: a) experimental 

setup of the LED light source without/with a lens system (Fresnel lens and diffuser) b) 

dimension of light engine holder. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.16. Irradiance distribution as a function of linear displacement of the LED light 

source without the lens system. 

 

The normalised irradiances from the experimental data as a function of linear 

displacement were analysed using QtiPlot 0.9.8.5 svn 2126 to determine the best fit 

curve of the Lambetian mode number (m). Analytical studies of the Lambertian 

mode number (m) in the study used Eq. (2.15). 

Table 7.2 allows comparison of the Lambertian mode number (m) for all 

experimental data. The results show that the space distance between the LED array 
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and the detector head at E0
 
(when the detector head was perpendicular with the light 

source), z, did not significantly affect the Lambertian mode number (m).  

7.2.5.2 Results for linear distribution with lens system (Method B) 

Fig. 7.17, Fig. 7.18 and Fig. 7.19 show the irradiance distribution as a function of 

linear displacement with the Fresnel lens with 2.54 cm focal length and diffuser. For 

light measurement at the central position, E0 (with the detector head perpendicular to 

the light source), it can be observed that when the space distance between the LED 

array and the lens system (u) is equal to the focal length (u = 2.54 cm), the value of 

irradiance (mWcm
-2

) is bigger than found with the other space distances (u = 4 and 

10 cm). As described in Section 7.2.5.1, the results shows that the graph has a bell-

shaped curve.   

 

Table 7.2 The Lambertian mode number (m) for linear distribution of the LED light source 

without the lens system 

Space distance between LED array and 

detector at E0 (cm) (z) 
Lambertian mode number (m) 

30 2.93 ± 0.06 

40 2.45 ± 0.07 

50 2.11 ± 0.09 

60 2.16 ± 0.06 

70 2.19 ± 0.08 

80 2.16 ± 0.09 

90 2.10 ± 0.09 

100 2.20 ± 0.11 

110 2.09 ± 0.14 

120 2.41 ± 0.17 

130 2.27 ± 0.18 

140 2.33 ± 0.19 

150 2.15 ± 0.20 

 

 

As described in Section 7.2.5.1, the Lambertian mode number (m) can be analysed 

by a curve fitting method using Eq. (2.15). Summary of the Lambertian mode 

number (m) for the light source with the Fresnel lens with a 2.54 cm focal length and 
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diffuser are presented in Table 7.3. It can be seen that when u = 2.5 and 4 cm, the 

Lambertian mode numbers (m) are similar regardless of how z is applied.  As stated 

in Table 7.3, the Lambertian mode number (m) for u = 2.5 and 4 cm is in the range 

20 – 30.  

 

 

 

 

 

 

 

 

 

 

Fig. 7.17. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens with a 2.54 cm focal length and diffuser at a distance of 2.5 cm 

between the LED array and the lens system. 

 

 

 

 

 

 

 

 

 

 

Fig. 7.18. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens with a focal length of 2.54 cm and diffuser at a distance of 4 cm 
between the LED array and the lens system. 
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Fig. 7.19. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens with a focal length  of 2.54 cm and diffuser at a distance of 10 cm 

between the LED array and the lens system. 

 

Table 7.3 The Lambertian mode number (m) for linear distribution of the LED light source 
with lens system (Fresnel lens with a focal length of 2.54 cm and diffuser)  

z (cm) 
Lambertian mode number (m) 

u = 2.5 cm u = 4 cm u = 10 cm 

25 
 

20.5 ± 1.2 
 30 25.7 ± 0.8  16.0 ± 2.2 

40 25.7 ± 0.6  

 50 24.1 ± 0.6 25.5 ± 1.1 7.4 ± 1.3 

60 30.4 ± 1.4    

70 28.0 ± 1.1    

75 

 

22.8 ± 0.6  

80 28.1 ± 1.0    

90 27.0 ± 0.8    

100 26.7 ± 0.9  22.4 ± 0.7 3.7 ± 1.6 

110 25.9 ± 1.0    

120 27.2 ± 1.0    

125 

 

23.2 ± 0.7  

130 27.2 ± 1.0    

140 27.5 ± 0.9   

150 25.0 ± 1.0 23.0 ± 0.8 4.4 ± 2.9 

   z = space distance between LED array and head of detector at E0 

   u = space distance between LED array and lens system 
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Fig. 7.20, Fig. 7.21, and Fig. 7.22 show the irradiance distributions as a function of 

linear displacement with a Fresnel lens with a focal length of 4 cm and diffuser. As 

for the results of linear distribution for the light source with the Fresnel lens with a 

focal length of 2.54 cm, when the space distance between the LED array and the lens 

(u) system equals the focal length (u = 4 cm), the value of irradiance (mWcm
-2

) is 

bigger than found with the other space distances (u = 2.5 and 10 cm).   

The Lambertian mode numbers (m) for this study are summarised in Table 7.4. The 

results shows that the Lambertian mode number (m) for u = 2.5 cm has a value quite 

similar, in the range 19 – 23, whilst for u = 4 and 10 cm, the Lambertian mode 

number has varying values. The smallest Lambertian mode number (m) was 10.8, 

when the light measurement data was taken at u = 10 cm and z = 100 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.20. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens with a 4 cm focal length and diffuser at a distance of 2.5 cm 

between the LED array and the lens system. 
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Fig. 7.21. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens  with a 4 cm focal length and diffuser at a distance of 4 cm 

between the LED array and the lens system. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.22. Irradiance distribution as a function of linear displacement for the LED light 

source with a Fresnel lens with a 4 cm focal length and diffuser at a distance of 10 cm 
between the LED array and the lens system. 
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Table 7.4 The Lambertian mode number (m) for linear distribution of the LED light source 

with the lens system (Fresnel lens with a 4 cm focal length and diffuser)  

z (cm) 
Lambertian mode number (m) 

 u = 2.5 cm u = 4 cm u = 10 cm 

25 
 

25.2 ± 0.7  
 30 20.1 ± 1.1  22.6 ± 1.0 

40 22.5 ± 0.6  

 50 23.5 ± 0.6 21.6 ± 0.6 15.0 ± 0.5 

60 21.3 ± 0.5   

70 22.8 ± 0.7   

75 

 

20.8 ± 0.6  

80 20.2 ± 0.5   

90 22.0 ± 0.8   

100 20.7 ± 0.5 17.9 ± 0.4 10.8 ± 1.1 

110 19.6 ± 0.6   

120 19.3 ± 0.4   

125 

 

17.2 ± 0.4  

130 21.2 ± 0.7   

140 20.7 ± 0.5   

150 22.1 ± 0.7 16.5 ± 0.6 19.3 ± 4.0 

z = space distance between LED array and head of detector at E0 

   u = space distance between LED array and lens system 

   

 

 

7.3 Discussion and Conclusions 

As described in Section 2.9, in order to examine the accuracy of reconstruction, the 

difference between the pattern of the mathematical model and the experimental data 

must be compared by calculation of both the normalized cross correlation (NCC) 

(Eq. (2.19) and the root mean square (RMS) error (Eq. (2.20)).    

Fig. 7.23, Fig. 7.24, Fig. 7.25 and Fig. 7.26 show the results of the normalized cross 

correlation (NCC) for angular distribution for a system without the Fresnel lens and 

diffuser. It can be observed from graphs that the NCC between the experimental data 

and mathematical model is greater than 99%. From the literature it is known that 

NCC greater than 99% gives enough accuracy for most applications [16]. This 

confirms that the experimental data and mathematical model give similar results.  
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Results of the RMS error between the experimental data and the mathematical model 

(Eq. (7.1)) show that all data is less than the standard limit of 5%, meaning that the 

experimental data give accurate data compared to the mathematical model (Eq. (7.1)).   

 

 

 

 

 

 

 

 

 

 

Fig. 7.23. Comparative data for irradiance distribution as a function of angular 

displacement for the LED light source without the lens system at a distance of 10 cm (E0).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.24. Comparative data for irradiance distribution as a function of angular 

displacement for the light source without the lens system at a distance of 15 cm (E0).  
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Fig. 7.25. Comparative data for irradiance distribution as a function of angular 

displacement for the LED light source without the lens system at a distance of 20 cm (E0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.26. Comparative data for irradiance distribution as a function of angular 
displacement for the LED light source without the lens system at a distance of 30 cm (E0).  
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Table 7.5 allows comparison of the data of the angular distribution for the LED light 

source with the lens system. When the light source with a Fresnel lens with a 

2.54 cm focal length and diffuser was used, it was only when z = 30 cm that the 

NCC was greater than 99% and RMS error less than 5%. Meanwhile, when the LED 

light source with a Fresnel lens with 4 cm focal length and diffuser was used, it was 

only  z = 10 cm which had NCC of less than 99% and RMS error greater than 5%. 

The results indicate that the minimum distance between the LED array and the head 

of the detector at E0 for the light source with lens systems should be 20 cm for a 

Fresnel lens with a focal length of 2.54 cm, and 10 cm for a Fresnel lens with a 4 cm 

focal length.   

 

Table 7.5 Summary data of the angular distribution for the LED light source with the lens 

system  

Fresnel Lens z (cm) 
Lambertian mode 

number (m) 

NCC 

(%) 
RMS error (%) 

Focal length = 2.54 cm 

10 60.2 ± 0.6 96.8 6.49 

15 35.6 ± 0.6 98.8 4.60 

20 41.2 ± 0.6 98.9 4.91 

30 30.3 ± 0.6 99.3 4.46 

Focal length = 4 cm 

10 40.2 ± 0.6 98.0 5.78 

15 35.2 ± 0.6 99.2 3.77 

20 35.0 ± 0.6 99.6 3.38 

30 32.2 ± 0.6 99.1 4.19 

z = space distance between LED array and head of detector at E0 

NCC = normalized cross correlation  

RMS = root mean square 

 

As with the angular distribution, to ensure the accuracy of the difference between the 

experimental data and the mathematical model for the linear distribution, the data 

from the experimental measurement and the mathematical model must be compared 

by the NCC and RMS error. The result of calculations should give a value of more 

than 99% for the NCC and less than 5% for the RMS error.  
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The mathematical model used in the study was Eq. (2.16), with modification 

parameters r = x and h = z (

(3 )

22

2
( ) 1

m

o

x
E x E

z




 
  

 
, where E(x) is the irradiance 

over every point (x) on the horizontal surface at distance of z from the LED, E0 is the 

irradiance (Wm
-2

) at the viewing angle  = 0 and m is the Lambertian mode number, 

m > 0).    

The NCC and RMS error for a linear distribution of the LED light source with the 

diffuser and both the Fresnel lens with a 2.54 cm focal length and a 4 cm focal length 

are presented in Table 7.6 and Table 7.7, respectively. 

As stated in Table 7.6 and Table 7.7, when the space distance between the LED array 

and the lens system was 10 cm, there was a significant difference between the 

experimental data and the mathematical model, and the data shows that the system is 

not suitable for general lighting application.  

 

Table 7.6 Summary data of the linear distribution for the LED light source  

with a Fresnel lens with a 2.54 cm focal length  

z 

(cm) 

u = 2.5 cm 
 

u = 4 cm 
 

u = 10 cm 

NCC 

(%) 

RMS error 

(%)  

NCC 

(%) 

RMS error 

(%)  

NCC 

(%) 

RMS error 

(%) 

25   
 

99.87 1.59 
 

  

30 99.93 1.19 
 

  
 

99.35 3.93 

40 99.97 1.07 
 

  
 

  

50 99.96 1.13 
 

99.88 1.81 
 

98.80 7.89 

60 98.83 2.46 
 

  
 

  

70 99.88 2.25 
 

  
 

  

75   
 

99.93 1.44 
 

  

80 99.92 2.10 
 

  
 

  

90 99.91 2.17 
 

  
 

  

100 99.93 2.06 
 

99.83 2.27 
 

85.17 20.26 
110 99.85 2.66 

 
  

 
  

120 99.85 2.81 
 

  
 

  

125   
 

99.77 2.55 
 

  

130 99.86 2.81 
 

  
 

  

140 99.46 2.54 
 

  
 

  

150 99.71 3.58 
 

99.65 2.97 
 

45.88 24.28 

z = space distance between LED array and head of detector at E0
 

u = space distance between LED array and lens system 

NCC = normalized cross correlation  

RMS = root mean square 
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Table 7.7 Summary data of the linear distribution for the LED light source  

with a Fresnel lens with a 4 cm focal length  

z 

(cm) 

 u = 2.5 cm 

 

u = 4 cm 

 

u = 10 cm 

NCC 

(%) 

RMS error 

(%)  

NCC 

(%) 

RMS error 

(%)  

NCC 

(%) 

RMS error 

(%) 

25   
 

99.96 0.82 
 

  
30 99.86 1.81 

 

  

 

99.93 1.28 

40 99.95 1.26 

 

  

 

  

50 99.96 1.28 

 

99.94 1.37 

 

99.93 1.44 

60 99.96 1.28 

 

  

 

  

70 99.95 1.74 

 

  

 

  

75   

 

99.88 1.89 

 

  

80 99.96 1.50 

 

  

 

  

90 99.89 2.20 

 

  

 

  

100 99.93 1.65 

 

99.91 1.68 

 

97.94 7.59 

110 99.91 2.15 

 

  

 

  

120 99.95 1.48 
 

  
 

  
125   

 

99.84 2.06 

 

  

130 99.89 2.54 

 

  

 

  

140 99.54 1.98 

 

  

 

  

150 99.79 2.67 

 

99.55 3.55 

 

83.49 16.41 

z = space distance between LED array and head of detector at E0
 

u = space distance between LED array and lens system 

NCC = normalized cross correlation  

RMS = root mean square 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.27. Illustration of the irradiance distribution as a function of linear displacement for 

the LED light source with a lens system.  
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The light source with the lens system is illustrated in Fig. 7.27, and it can be 

observed that when the light source used in the experimental work has u = 10 cm, 

only a small part of the light can be spread in a wide area because some light is 

blocked by the PVC tube.  

Results in Fig. 7.28 show the evidence that the system does not give enough 

irradiance distribution on the illuminated area, and the graph appears as a ’saw-curve’ 

rather than a ’bell-shaped’ curve. 

 

 

 

 

 

 

 

 

 

 

Fig. 7.28. Irradiance distribution as a function of linear displacement for the LED light 

source with a lens system where experimental data were taken at u = 10 cm and a space 

distance between the LED array and the detector head at E0 at 100 and 150 cm.  

 

Overall, this study has demonstrated the accuracy of the experimental method for a 

study of Lambert’s cosine law. The results show that the similarity and the accuracy 

between the experimental data and the mathematical model gives values of more 

than 99% for the normalised cross correlation (NCC) and less than 5% for the root 

mean square (RMS) error. The importance of this is that these experimental data and 

the mathematical model can now be reliably used for accurate design of the optical 

properties of the new prototype HINS-light EDS, for which uniform distribution and 

wider spread of light are key design requirements, and will be further discussed in 

Chapter 8.  
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CHAPTER 8 

8  OPTIMISATION OF THE HIGH-INTENSITY 

NARROW-SPECTRUM-LIGHT ENVIRONMENTAL 

DECONTAMINATION SYSTEM (HINS-LIGHT EDS) 

8.1 General 

As described in Chapter 7, the high intensity narrow spectrum (HINS)-light 

environmental decontamination systems (EDS) technology has many potential 

applications such as disinfection of air and surfaces in clinical environments, and 

disinfection of food contact surfaces. However, the initial prototype system that had 

been developed prior to this project had limitations such as a power supply which 

was not fully integrated, limited thermal management options and only generated 

dominant violet/blue light.  

The aim of the study described in this Chapter is the optimisation, testing and 

modelling of an improved fully-integrated large-scale HINS-light EDS (ceiling 

mounted light source). The main aspects of this study have involved: 

1. Design and development of an improved, fully-integrated and controllable 

HINS-light EDS unit 

2. Development of a mathematical model to enable simulations of the light 

intensity distribution 

3. Studies of thermal management options. 
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8.2 A new prototype HINS-light EDS 

To develop a new HINS-light EDS, there were 4 main factors that had to be 

investigated before the system could be developed: 

1. Configuration of a Fresnel lens and diffuser  

2. The Lambertian mode number (m)  

3. Space distance between the LED and lens system (Fresnel lens and diffuser), 

hereinafter referred to u  

4. The optimum LED-to-LED array spacing, hereinafter referred to d. 

 

8.3 Investigation into the optimal configuration of a Fresnel lens and diffuser 

The Fresnel lens used in this study was LFQ100200 obtained from the Knight 

Optical (UK) Ltd. This lens was made from Acrylic material with 100 mm focal 

length, 2 mm thickness, 200 mm (diameter) effective aperture and 0.5 mm facet 

width [186]. The Fresnel lens LFQ100200 is pictured and illustrated in Fig. 8.1 and 

Fig. 8.2, respectively. The overall size of this lens is 210 × 210 mm and transmits 

parallel light on grooved side. 

 

 

 

 

 

 

 

 

Fig. 8.1. The Fresnel lens LFQ100200 sourced from Knight Optical, Ltd., UK. 
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Fig. 8.2. Illustration for the Fresnel lens LFQ100200 sourced from Knight Optical, Ltd., UK 
(Adapted from [186]). 

 

The diffuser used in this study was a type L20P1-12 Light Shaping Diffusers (LSD). 

This is a holographic diffuser with light shaping diffuser angle 20 (FWHM) and 

made up from Polyester material with 3 mm thickness sourced from the LUMINIT 

LLC, USA [187]. As described in Section 7.2.2, the diffuser LSD has 85 – 92% 

transmission performance in a wide wavelength range of 400 – 1600 nm [187]. This 

diffuser has two sides one of which is rough and the other smooth. When light falls 

perpendicular on the surface of diffuser both sides produce different patterns of light 

distribution. The light source used in the experimental work was at 405 nm LED 

array ENFIS Uno Air Cooled Light Engine obtained from the ENFIS Ltd, UK (see 

Section 7.2.1). The pattern of light distribution through the surface of the diffuser is 

illustrated in Fig. 8.3, also shown in Fig. 8.3 is the light distribution pattern obtained 

from the light source without diffuser.  

Analysis of the RGB histogram from Fig. 8.4a and Fig. 8.4c used in this study found 

that a similar result (RGB level) were achieved after light exposure through the 

diffuser when the smooth side faced the LED array as was achieved without a 

diffuser (Fig. 8.3a and Fig. 8.3c). Meanwhile, when light exposure occurred through 

the diffuser with the rough side facing the LED array (Fig. 8.3b) this yielded a 

different result, as shown in Fig. 8.4b. It can be observed from Fig. 8.3b, that when 

light passed through using this configuration it resulted in a more smooth and 

uniform light distribution. For this reason it was decided to use the diffuser with the 

rough side facing the LED array.  
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Fig. 8.3. The light source falling perpendicular on the surface: a) without diffuser, b) with 

diffuser when the rough side faced the LED array and c) with diffuser when the smooth side 

faced the LED array. 

   

 

 

 

 

 

 

 

(a)                                                                        (b) 

 

 

 

 

 

 

 

        

  (c) 

Fig. 8.4. Visual assessment of the light source falling perpendicular on the surface: a) 
without diffuser, b) with diffuser when the rough side faced the LED array and c) with 

diffuser when the smooth side faced the LED array. 
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8.3.1 Experimental method 

The configuration of a Fresnel lens and diffuser (lens system) used in the study 

involved four variations, as shown in Fig. 8.5. To determine the best configuration to 

be used in the practical design, all four types of configuration was evaluated using 

the Lambert’s cosine law. The experimental setup used in the study is illustrated in  

Fig. 8.6. As described in Section 8.2.1, the diffuser used in the study was orientated 

with its rough side faced to the LED array. The space distances between the LED 

array and the lens system (u) used in the study were 5 and 7.5 cm, while the space 

distance between the LED array and the illuminated area (z) was 100 cm. For all 

experiments the voltage was set to 14.1 ± 0.1 V with a current of 0.11 ± 0.01 A. The 

irradiance distribution of light over an illuminated area parallel to the light source 

was measured using a radiant power meter (model 70260, L.O.T.-Oriel Ltd., UK) 

and all point data were taken with three replicates for each independent experiment 

to ensure accuracy. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.5. Four type of configuration for the Fresnel lens and diffuser. 
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Fig. 8.6. Experimental setup to determine the best configuration for the Fresnel lens and 
diffuser. 

 

8.3.2 Results 

Fig. 8.7 and Fig. 8.8 show the results of the irradiance distributions over an 

illuminated area parallel to the LED array using a distance of 5 and 7.5 cm between 

the LED array and a lens system (u), respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.7. Irradiance distribution as a function of linear displacement when the space 

between the LED array and the Fresnel lens and diffuser was 5 cm for the different 
configurations of the Fresnel lens and diffuser (Types 1,2,3,and 4).  
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Fig. 8.8. Irradiance distribution as a function of linear displacement when the space 

between the LED array and the Fresnel lens and diffuser was 7.5 cm. 

 

The best configuration of a lens system can be established by calculating the 

maximum volume restricted by a bell shape distribution curve, V. This volume will 

give the value of total light power delivered by the optical system. This method is 

illustrated in Fig. 8.9. When a function of y = E(x) is rotated at y-axis, the volumes 

of solids of revolution can be calculated on interval (y0, y1) as follows [189]: 

1 1

0 0

2( ) ,

y y

y y

V dV f y dy         (8.1) 

where, 

y0 and y1 = the lower and upper  limits of the area being rotated, 

E(x)    = function of Eq. (2.16) in term of y, 

dV    = the part of total volumes of solids of revolution. 

 

 



 

 157 

 

 

 

 

 

 

 

 

 

 

Fig. 8.9. Volumes of solids of revolution. 

 

Function of f(y) can be expressed from Eq. (2.16) in term of y (r = x and h = z), 

(3 )
2 2

0 2
( ) 1 ,

m

x
y E x E

z




 
   

 
      (8.2) 

where m is the Lambertian mode number (m > 0), E0 is the irradiance at centre 

measurement with a distance of z cm below the LED array and z is space distance 

between the LED and the perpendicular to the illuminated area. 

Let’s assume,
(3 )

2

m
q


  , and then Eq. (8.2) can be written into, 

2

0 2
1 ,

q

x
y E

z

 
  

 
       (8.3) 

Eq. (8.3) can be re-expressed in the form, 

1

2

2

0

1 ,
qy x

E z

 
  

 
       (8.4) 

then,  
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1

2 2

0

1 ,
qy

x z
E

 
     
 
  

       (8.5) 

so,  

1

0

1,
qy

x z
E

 
  

 
       (8.6) 

 and finally,  

2

3
0( ) 1,

mE
f y x z

y

 
   

 
       (8.7) 

In combining Eq. (8.1) and Eq. (8.7), volumes of solids of revolution can be 

calculated by Eq. (8.8). 

1

0

2

3
2 0 1 ,

y
m

y

E
V z dy

y



 
      
  

       (8.8) 

where V is the total volumes of solids of revolution, the units in standard 

international (SI) can be expressed in Watt (W). In order to avoid divergence in Eq. 

(8.8), value of the lower limit of the area being rotated (y0) should be more than 0, 

because at y0 = 0 there is a singularity point and the integral diverges. 

As described in Section 2.5, the accuracy of the experimental method used in this 

study was also investigated. The similarity and accuracy between the experimental 

data and the mathematical model can be compared by calculation of both the 

normalised cross correlation (NCC) and the root mean square (RMS) error, 

respectively. As stated in Table 8.1 and Table 8.2, the best configuration of the 

Fresnel lens and diffuser used in this study was type 4. This indicates that the light 

distribution from this configuration is optimal for general applications, especially 

when used as an environmental decontamination system. 
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Table 8.1 Summary data for the four configurations of the Fresnel lens and diffuser when the 

space between the LED array and the Fresnel lens and diffuser experimental (u) = 5 cm  

Configuration  
u = 5 cm 

m NCC (%) RMS error (%) Total Power (W) 

Type 1 57.29 99.58 4.22 0.04 

Type 2 32.48 99.56 4.64 0.06 

Type 3 27.01 99.66 4.68 0.06 

Type 4 16.55 99.79 2.68 0.08 

 

 

Table 8.2 Summary data for the four configurations of the Fresnel lens and diffuser when the 

space between the LED array and the Fresnel lens and diffuser experimental (u) = 7.5 cm  

Configuration  
u = 7.5 cm 

m NCC (%) RMS error (%) Total Power (W) 

Type 1 68.54 99.70 4.22 0.03 

Type 2 49.66 99.83 3.66 0.04 

Type 3 62.50 99.64 4.08 0.04 

Type 4 33.38 99.93 2.68 0.07 

 

It can be observed from Table 8.1 and Table 8.2, that type 4 configuration provides 

not only a larger total power but also more accurate data than type 1, 2 and 3. When 

data from the type 4 configuration are compared with regard to the experimental and 

mathematical models this resulted in 2.68% (RMS error) both for u = 5 and 7.5 cm, 

and 99.79% and 99.93%  (NCC) for u = 5 and 7.5 cm, respectively.  

8.4 Analytical studies of the Lambertian mode number (m) 

As described in Section 7.2.5.1, the Lambertian mode number (m) can be analysed 

by the curve fitting method using Eq. (2.16). The aim of this study was to investigate 

the effects of the position of the single LED array (Fig. 7.2) relative to the lens 

system and the illuminated area in order to determine the Lambertian mode number 

(m) and the irradiance distribution pattern. The normalised cross correlation (NCC) 

and RMS error were also investigated. 
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8.4.1 Influence of u and z with regard to the Lambertian mode number (m) 

8.4.1.1 Experimental method 

Fig. 8.10 illustrates the experimental method used to determine whether the values of 

u and z have a significant effect on the Lambertian mode number (m). The space 

distances between the LED array (Fig. 7.2) and the lens system (type 4) (u) used in 

the study were 5 and 7.5 cm, while the space distances between the LED array and 

the illuminated area (z) were 100 and 150 cm.  For all experiments the voltage were 

set to 14.1 ± 0.1 V with a current of 0.11 ± 0.01 A. The irradiance distribution of 

light over an illuminated area parallel to the light source was measured using a 

radiant power meter. All point data were taken in the direction of the x- axis and y-

axis for the positive values with three replicates taken for each independent 

experiment to ensure data accuracy. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.10. Experimental method for analysis of the influence of u and z on the Lambertian 

mode number (m). 

 

8.4.1.2 Results 

Results of irradiance distribution as a function of linear displacement for the system 

with u = 5 and 7.5 cm and with z = 100 and 150 cm is shown in Fig. 8.11 and 

Fig. 8.12, respectively. It can be seen that the irradiance distribution of the light 
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source along the x-axis and y-axis are similar indicating that the irradiance 

distribution of the light source is uniform.  

Results for the Lambertian mode number (m) for this study are displayed in Fig. 8.13, 

Fig. 8.14, Fig. 8.15 and Fig. 8.16 and values of NCC and RMS are also shown in the 

graphs. Because the irradiance distribution for the x-axis and y-axis have similar 

values, analysis of the Lambertian mode number (m) can be calculated using the 

irradiation distribution data from either the x-axis or y-axis. 

 

 

 

 

 

 

 

 

 

Fig. 8.11. The irradiance distribution as a function of linear displacement for the light 
system with u = 5 cm. 

 

 

 

 

 

 

 

 

 

Fig. 8.12. The irradiance distribution as a function of linear displacement for the light 

system with u = 7.5 cm. 
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Fig. 8.13. Irradiance distribution as a function of linear displacement for a specific 

Lambertian mode number (m = 14.1) and the NCC and RMS error for the light system  

with u = 5 cm and z = 100 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.14. Irradiance distribution as a function of linear displacement for a specific 

Lambertian mode number (m = 14.0) and the NCC and RMS error for the light system  
with u = 5 cm and z = 150 cm. 
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Fig. 8.15. Irradiance distribution as a function of linear displacement for a specific 

Lambertian mode number (m = 32.3) and the NCC and RMS error for the light system  

with u = 7.5 cm and z = 100 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.16. Irradiance distribution as a function of linear displacement for a specific 

Lambertian mode number (m = 32.4) and the NCC and RMS error for the light system  

with u = 7.5 cm and z = 150 cm. 
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It can be observed from Fig. 8.13, Fig. 8.14, Fig. 8.15 and Fig. 8.16 that when the 

light system is set up with u = 5 and 7.5 cm, regardless of how z = 100 and 150 cm 

are applied, this results in a quite similar Lambertian mode number (m). The 

Lambertian mode number (m) for the light system with u = 5 cm was m =14.1 for z = 

100 cm and 14.0 for z = 150 cm while the light system with u = 5 cm resulted in m = 

32.3 for z = 100 cm and m = 32.4 for z = 150 cm. These results correlate well with 

the results in the previous study in Section 7.2.5.2, when the light system used a 

Fresnel lens of both type LFQ2561 (focal length = 2.52 cm) and LFQ40100 (focal 

length = 4 cm) with u = 2.5 and 5 cm. By calculating the normalised cross 

correlation (NCC), the similarity between the experimental data and mathematical 

model for all data analysis gives values greater than 99%. This result indicates that 

the irradiance distribution from the experimental data and the mathematical model 

are quite similar when both of them are compared.  

When the experimental data and mathematical model are compared by calculation of 

the root mean square (RMS) error, the results shows that all data analysis gives 

values less than 5%. This confirms that the experimental method and mathematical 

model used in the study gave consistent results.   

Fig. 8.17 and Fig. 8.18 shows the comparative data of relative irradiance (E/E0) as a 

function of linear displacement according to the irradiance distribution as a function 

of linear displacement for the light system with u = 5 and 7.5 cm and z = 100 and 

150 cm from Fig. 8.11 and Fig. 8.12, respectively. The results demonstrate that when 

the light system has a small value of m this causes the irradiance distribution 

produced by the light system to be wide spread on the illuminated area compared to 

when the light system has a large value of m, regardless of how u and z are applied.  
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Fig. 8.17. The comparative data of relative irradiance (E/E0) as a function of linear 

displacement for the light system with z =100 cm from Fig. 8.11 and Fig. 8.12. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.18. The comparative data of relative irradiance (E/E0) as a function of linear 

displacement for the light system with z = 150 cm from Fig. 8.11 and Fig, 8.12. 
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8.4.2 Investigation of the effect of the position of the LED array relative to the 

lens system 

The previous study demonstrated the Lambertian mode number (m) for the light 

system when the LED array was aligned with the centre of the Fresnel lens and 

diffuser with varying space distances between the LED array and the lens system, u. 

The study will now investigate the effect of off-setting the position of the LED array 

relative to the lens system and illuminated area to determine the Lambertian mode 

number (m) and the irradiance distribution pattern on the illuminated area.  

8.4.2.1 Experimental method 

Fig. 8.19 shows the experimental set up used in the study. Three locations of the 

position of the LED array were examined: p = 0 cm, the LED array placed at the 

centre, p = 1 and 3 cm indicates the LED array placed at 1 and 3 cm off centre in 

direction of the negative y-axis. The space distances between the LED array and lens 

system (type 4) (u) were 5 and 7.5 cm, while the space distance between the LED 

array and the illuminated area (z) was 100 cm.  

For all experiments the voltage was set to 14.1 ± 0.1 V with a current of  

0.11 ± 0.01 A. The irradiance distribution of light over an illuminated area parallel to 

the light source was measured using a radiant power meter and all point data was 

taken in all direction of x- axis and y-axis with three replicates for each independent 

experiment to ensure accurate data.  

 

 

 

 

 

 

 

 

Fig. 8.19. Experimental setup for determining the effect of the position of the LED array 

relative to the lens system. 



 

 167 

8.4.2.2 Results 

The irradiance distribution as a function of linear displacement for the light system 

with u = 5 cm for differing distances of the position of the LED array with reference 

to the centre of the light system at position Q (Fig. 8.19) are shown in Fig. 8.20 and 

Fig. 8.21. When the LED array was shifted 3 cm off centre in the direction of the 

negative y-axis, the irradiance pattern on the illuminated area had a change in the 

peak irradiance at position 0 and shifted 20 cm in the direction of the positive y-axis, 

whereas in x-axis, the peak irradiance dropped 15.8% compare to p = 0 cm. 

 

 

 

 

 

 

 

 

 

Fig. 8.20. Irradiance distribution as a function of linear displacement for the light system 

with u = 5 cm and z = 100 cm in direction x-axis. 

 

 

 

 

 

 

 

 

 

Fig. 8.21. Irradiance distribution as a function of linear displacement for the light system 

with u = 5 cm and z = 100 cm in direction y-axis. 
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The irradiance pattern for the light system when the LED array was shifted 1 cm (p = 

1 cm) off centre had a similar pattern (Gaussian distribution) with the irradiance 

pattern for the LED array on centre (p = 0 cm) (both in x-axis and y-axis). It not only 

had a change in the peak irradiance at position 0 but also in the irradiance 

distribution. The peak irradiance with the LED array with p = 1 cm was 5% greater 

than p = 0 cm for both in x-axis and y-axis.  

To determine the similarity and accuracy between the experimental data and the 

mathematical model both the NCC and the RMS error were calculated. The 

mathematical model used in the study was Eq. (2.16), with modification parameters 

r = x and h = z = 100 cm (

(3 )

22

2
( ) 1

(100)

m

o

x
E x E




 
  

 
). The Lambertian mode 

number (m) for the experimental data was also investigated. The NCC, the RMS 

error and the Lambertian mode number (m) for this study are summarised in 

Table 8.3.  

 

Table 8.3 The NCC, RMS error and the Lambertian mode number (m) for the light system 

with u = 5 cm and z = 100 cm when applied using p = 0, 1 and 3 cm  

p (cm) 

x-axis 
 

y-axis 

m 
NCC 

(%) 

RMS error 

(%)  
m 

NCC 

(%) 

RMS error 

(%) 

0 11.2 99.65 3.26 
 

14.2 99.23 4.34 

1 12.1 98.65 6.15 
 

13.3 98.87 5.51 

3 NA NA NA 
 

NA NA NA 

NA = not applicable 

 

Fig. 8.22 and Fig. 8.23 show the results of the irradiance distribution as a function of 

linear displacement for the light system with u = 7.5 cm and z = 100 cm for differing  

positions of the LED array with reference to the centre of the light system at position 

Q (Fig. 8.19).  

As in the previous results with the light system with u = 5 cm, the irradiance patterns 

for p = 1 cm and p = 0 cm give a similar irradiance distribution (Gaussian 

distribution) for both in x-axis and y-axis, with the peak irradiance p = 1 cm was 5% 
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greater than p = 0 cm. Results of the irradiance measurements on the illuminated 

area when the LED array was shifted 3 cm off centre in the direction of the negative 

y-axis, shown in Fig. 8.22 and Fig. 8.23, respectively, demonstrate that the irradiance 

pattern on the illuminated area in the direction of the y-axis had a change in the peak 

irradiance at position 0 and was shifted 20 cm in the direction of the positive y-axis, 

whereas in x-axis, the peak irradiance dropped 36.8% compare to p = 0 cm. 

 

 

 

 

 

 

 

Fig. 8.22. Irradiance distribution as a function of linear displacement for the light system 

with u = 7.5 cm and z = 100 cm in direction x-axis. 

 

 

 

 

 

 

 

 

Fig. 8.23. Irradiance distribution as a function of linear displacement for the light system 

with u = 7.5 cm and z = 100 cm in direction y-axis. 
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Parameters of the NCC, RMS error and the Lambertian mode number (m) for this 

study are presented in Table 8.4. Results, presented in Table 8.3 and Table 8.4, 

demonstrate that the best position for the LED array is when the LED array is placed 

at the centre of the light system.  

 

Table 8.4 The NCC, RMS error and the Lambertian mode number (m) for the light system 

with u = 7.5 cm and z = 100 cm when applied using p = 0, 1 and 3 cm  

p (cm) 
x-axis 

 

y-axis 

m 
NCC 

(%) 

RMS error 

(%)  
m 

NCC 

(%) 

RMS error 

(%) 

0 33.9 99.49 3.6 
 

25.2 99.67 2.97 

1 28.2 99.86 2.08 
 

29.9 98.74 5.3 

3 NA NA NA 
 

NA NA NA 

NA = not applicable 

 

8.5 Determination of the optimal distance between the LED array and the lens 

system 

The aim of this study was to determine the optimal distance between the LED array 

and lens system (type 4) (u). Nine different values of u were used in the study is 2.5, 

4, 5, 6, 7, 7.5, 8, 9 and 10 cm. The space distance between the LED array and the 

illuminated area (z) was 100 cm. The experimental setup for this study is illustrated 

in Fig. 8.24.  

For all experiments the voltage was set at 20.1 ± 0.1 V with a current of  

1.67 ± 0.01 A. The irradiance distribution of light over an illuminated area parallel to 

the light source was measured using a radiant power meter and all data points were 

taken in all direction of x-axis with three replicates for each independent experiment 

to ensure accurate data.  

Fig. 8.25 shows the irradiance distribution as a function of linear displacement for 

determining the best value of u. The irradiance distribution for the system without a 

lens system is also shown. The result shows that the peak irradiance at the centre (O) 

of the illuminated area will be increased when the value of u increases.  



 

 171 

 

 

 

 

 

 

 

 

Fig. 8.24. Experimental setup for determining the best value of u. 

 

As described in Section 8.3.2, the best value of u can also be calculated from the 

total power by volumes of solids of revolution, Eq. (8.8). To ensure similarity and 

accuracy the normalised cross correlation (NCC) and the RMS error for comparison 

of data between the experimental method and the mathematical model have been 

calculated. The NCC, RMS error, the Lambertian mode number (m) and volumes of 

solids of revolution (hereafter refer to as total power expressed in W) for this study 

are summarised in Table 8.4.    

 

 

 

 

 

 

 

 

 

 

Fig. 8.25. Irradiance distribution as a function of linear displacement for the light system 

with differing values of u. The data for the light system without a lens system is also shown. 
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All data presented in Table 8.5 for the NCC and RMS error show that when the 

experimental data and mathematical model are compared, the similarity and 

accuracy were achieved with the NCC greater than 99% and the RMS error less than 

5%, respectively. This confirms that the experimental method used in the study is 

accurate. 

According to the results in Table 8.5, the best value of u is achieved when the space 

distance between the LED array and lens system is at 4 cm with a total power of 

1.5 W.  

 

Table 8.5 The NCC, RMS error and the Lambertian mode number (m) and total power (W) 

for this study  

u (cm) 
Irradiance (Wm

-2
) at centre 

(E0) 
m  NCC (%) RMS (%) 

Total Power 

(W) 

2.5 1.06 3.58 99.50 4.61 1.45 

4 1.92 7.06 99.44 4.61 1.50 

5 2.56 10.09 99.69 3.26 1.45 

6 3.39 14.50 99.81 2.19 1.37 

7 4.72 21.88 99.92 1.15 1.30 

7.5 5.25 25.78 99.81 1.89 1.23 

8 5.76 31.02 99.96 0.76 1.13 

9 6.9 43.62 99.96 0.90 0.97 

10 7.45 52.71 99.86 1.59 0.87 

 

 

As described in Section 8.4.2.1, when the light system has a small Lambertian mode, 

the light distribution produced by the light system becomes widespread on the 

illuminated area compared to when the mode number is larger, regardless of how u 

and z are applied. The total power for the system with u = 4 cm is higher than for 

topology with u = 2.5 cm. Therefore, this configuration is ideal for application of the 

light system for environmental decontamination as not only has it the biggest total 

power (W) but also the light system has a wide spread distribution on the illuminated 

area.  
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8.6 Investigation into the optimum LED-to-LED array spacing 

The high-intensity narrow spectrum-light environmental decontamination system 

(HINS-light EDS) is a ceiling-mounted light source. This has to be retro-fitted into 

the space normally occupied by a ceiling tile. This requires a square shape with 

dimension 59.2 × 59.2 cm. The Fresnel lens has a 20 cm diameter and the optimum 

LED-to-LED spacing (d) in the study is 30 cm (see Appendix D). The initial layout 

design for the four light engine light source is shown in Fig. 8.26.  

 

 

 

 

 

 

 

 

 

 

Fig. 8.26. The optimum LED-to-LED spacing for an initial design. 

 

The Fresnel lens LFQ100200 (focal length = 10 cm) with diameter 20 cm has been 

chosen for the final design rather than type LFQ2561 (focal length = 2.54 cm) and 

LFQ40100 (focal length = 4 cm) because LFQ100200 has a wider spread of the 

irradiance distribution than LFQ2561 and LFQ40100, as shown in Fig. 8.27. 

Fig. 8.27 demonstrates the irradiance distribution as a function of linear 

displacement when the space distance between the LED array and the illuminated 

area (z) was 100 cm. The space between the LED array and lens system (u) used in 

the study was 4 cm. 
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Fig. 8.27. Comparative Lambertian mode numbers (m) for three different Fresnel lens. 

 

 

8.7 Design and development of a new prototype HINS-light EDS 

As shown by results in Part I, four main factors were identified for designing and 

developing a new HINS-light EDS. The main factors involved: (i) Type 4  

configuration of a Fresnel lens and diffuser, (ii) the Lambertian mode number (m) – 

which depends on the light system used, (iii) u = 4 cm – space distance between the 

LED array and lens system and (iv) d = 30 cm – the optimum LED-to-LED array 

spacing. The aim of this part was the development, testing and modelling of a fully-

integrated large-scale HINS-light EDS. 

8.7.1 Designing the light source 

The active components of the new prototype HINS-light EDS are 405-nm LEDs and 

white LEDs covered by a Fresnel and diffuser. Fig. 8.28 provides a diagram of the 

new HINS-light EDS developed for bacterial inactivation. The Fresnel lens and 

diffuser positioned below the LED source allows a widespread and more uniform 

distribution of the light over the illuminated area.  

The topology diagram of the make up the new prototype HINS-light EDS system is 

shown in Fig. 8.29. The purple boxes represent 405 nm LED arrays and the blue 

circles are single white-light LEDs. As described in Section 7.2.1, the 405 nm LED  
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light engine in Fig. 7.2 is an array made up of 25 individual LEDs with typical light 

output 4.9 mW and embedded thermistors give accurate feedback on LED chip 

temperature [185]. The new prototype HINS-light EDS is made up of 4 individual 

405 nm LED light engines, as shown in Fig. 8.29.  

To ensure that the system did not generate dominant violet illumination but would 

also produce comfortable room lighting, 12 high power white-light LEDs with 

typical light output of 3 W for each white LED, with 90
0
 viewing angle and a warm-

white emitting colour were used in the design of the new HINS-light EDS. The 

photograph of a white LED is shown in Fig. 8.30. The white LEDs used in the study 

were obtained from the Ledman Optoelectronic Co., Ltd., China [190]. It is known 

that blue or violet light may cause dizziness, headaches or nausea [184] and for this 

reason the white LEDs have been incorporated into the HINS-light EDS system. 

 

 

 

 

 

 

Fig. 8.28. General layout of the new HINS-light EDS illumination system developed for 

bacterial inactivation.  

 

 

 

 

 

 

 

 

Fig. 8.29. Topology of the new HINS-light EDS light source (The purple boxes = 405 nm 

LED arrays and the blue circles = single white-light LEDs). 
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Fig. 8.30. Photograph of a 3 W white LED. 

 

8.7.2 Development equation (mathematical model) of the irradiance distribution 

pattern for the new prototype HINS-light EDS 

The topology of the light source for the equation (mathematical model) used in the 

study was square incorporating four LED arrays, as shown in Fig. 8.31. It was only 

irradiance data from the 405 nm LED arrays that was used for modelling and testing 

of the irradiance distribution pattern of the new HINS-light EDS. The irradiance 

( , , )O O O OE x y z in Fig. 8.31 is given by the sum of the irradiance from the LED1, 

LED2, LED3, and LED4 in a square with a side length d and where the LEDs are 

placed in each corner, 

1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4( , , ) ( , , ) ( , , ) ( , , ) ( , , ).O O O OE x y z E x y z E x y z E x y z E x y z   
   

(8.9) 

 

 

 

 

 

 

 

 

 

 

Fig. 8.31. Square LED array topology for modelling and testing of the new HINS-light EDS. 
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As described in Section 2.4, the irradiance distribution across a horizontal surface in 

the terms of a Cartesian coordinates (x, y, z) for a single LED can be expressed by 

Eq. (2.18), so that Eq. (8.9) can be written as, 

1
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(8.10) 

where, 

z1…z4 = space distance between the light sources (LED1…LED4) and illuminated 

area, 

d  = LED-to-LED array spacing, 

m1…m4 = the Lambertian mode number of light sources (LED1…LED4), 

E01(x1, y1, z1)…E04(x4, y4, z4) = the irradiance measurement at a distance of z cm 

below the LED1…LED4 on the illuminated area. 

 

Let assume,  

 
1 2 3 4

1 2 3 4

1. ( 0),

2. ,

m m m m m m

z z z z z

    

      
 

and then Eq. (8.10) can be expressed as follows, 
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For the condition,  



 

 178 

0 01 1 1 1 02 2 2 2 03 3 3 3 04 4 4 4( , , ) ( , , ) ( , , ) ( , , ) ( , , )E x y z E x y z E x y z E x y z E x y z    , Eq. (8.11) 

can be re-expressed as follows: 
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 (8.12) 

 

8.7.3 A study of the irradiance distribution pattern for the new prototype  

HINS-light EDS 

8.7.3.1 Experimental method 

In order to get accurate data for the light distribution pattern in three dimensions, 400 

data readings of irradiance (20 × 20) were taken from the illuminated area at a 

distance of z cm below the light source. Fig. 8.32 shows that to measure irradiance 

(mWcm
-2

) of the light distribution in the illuminated area, the light source was 

placed at a distance of z cm above the level of the illuminated area. The main studies 

have involved two methods. Method 1, the space distances between the light source 

and illuminated area (z) used in the study were 100 and 200 cm. The space distance 

between the light source and lens system (u) was 7.5 cm. For all experiments the 

voltage was set to 16.3 ± 0.1 V with a current of 0.8 ± 0.1 A (the intensity level for 

each individual 405 nm LED array was set to 0% by computer). In Method 2, values 

of u used in the study were u = 4 and 5 cm at z = 200 cm. For all experiments the 

voltage was set to 12.0 ± 0.1 V with a current of 14.6 ± 0.1 A (the intensity level for 

each individual 405 nm LED array was set to 100% by computer).  

A photograph of the experimental setup is shown in Fig. 8.32a. The illuminated area 

was divided into 4 quadrants and each quadrant gave 100 values of irradiance 

(mWcm
-2

) from the light source. Overall, the data measurements were taken starting 

from the centre of the illuminated area (O) and then the radiant power detector was 

shifted every 10 cm along the x-axis and y-axis (Fig. 8.32b). This method was used 

to investigate whether the mathematical model (Eq. (8.11)) could be used to predict 

and estimate the light distribution from the light source. 
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(a)                                                                             (b) 

Fig. 8.32. Experimental setup for measuring the irradiance distribution pattern of the new 
prototype HINS-EDS, a) photograph of the irradiance pattern sourced from the system and 

b) the experimental method used. 

 

8.7.3.2 Results 

Method 1 

All data measurements were plotted by OriginPro 8.1 to generate the irradiance 

distribution pattern in terms of Cartesian coordinates (x, y, z) [191], as shown in Fig. 

8.33 and Fig. 8.34. The measurements show that the irradiance distribution follows a 

Gaussian distribution curve (see in Section 8.75). When the space distance between 

the light source and illuminated area was increased, this caused the peak irradiance at 

the centre of the illuminated area (O) to decrease and the light distribution produced 

became more widespread.  

 

 

 

 

 

 

Fig. 8.33. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

(4 LED engines) source with u = 7.5 cm and z = 100 cm. 
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Fig. 8.34. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with u = 7.5 cm and z = 200 cm. 

 

Method 2 

Fig. 8.35 and Fig. 8.36 show the irradiance distribution pattern in term Cartesian 

coordinate (x, y, z) for u = 4 and 5 cm at z = 200 cm, respectively. As shown in the 

results in method 1, the results demonstrate that the irradiance distribution profile 

follows a Gaussian distribution curve (see in Section 8.75). 

 

 

 

 

 

 

 

 

Fig. 8.35. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with u = 4 cm and z = 200 cm. 
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Fig. 8.36. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with u = 5 cm and z = 200 cm. 

 

8.7.4 Study of a mathematical model for modelling the irradiance distribution 

pattern of the New HINS-light EDS 

The aim of this study was to investigate whether the mathematical model (Eq. (8.11)) 

could be used to predict and estimate irradiance distribution pattern from the new 

HINS-light EDS. To investigate the irradiance distribution pattern of the new HINS-

light EDS, three main steps should be done and will be discussed in this section as 

follows: 

1. Measurements of E0 and m for single array 

2. Mathematical model (Eq. (8.11)) uses experimental E0 and m to obtain 

distribution for 4 superimposed sources 

3. Analytical distribution for 4 light sources has been compared with practical 

distribution produced by the EDS system with 4 light engines. 
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8.7.4.1 Experimental method: the influence of voltage input to the LED array 

driver on measured irradiance  

As described in Section 8.7.2, the irradiance distribution in terms of Cartesian 

coordinates (x, y, z) for the square LED array topology can be modelled by 

Eq. (8.11). For modelling the irradiance distribution pattern, it is assumed that only 

the irradiances on the illuminated area parallel to the light source are measured and 

that the Lambertian mode number (m) for the four light engines used as the light 

source have  same number. Values of E01, E02, E03 and E04 were measured at a 

distance of z cm below LED1, LED2, LED3 and LED4 with two methods, 

respectively. The aim of this experiment was to investigate the relationship between 

the measured irradiance and voltage input to the driver of the LED array. In the first 

(method A1), the light source was driven by 16.3 ± 0.1 V for all four LEDs but only 

one of four LEDs gave data measurement, as illustrated in Fig. 8.37a. Although all 

four LEDs were in the ON condition, the output from the three other LEDs was 

blocked. In the second method (method A2), only one LED gave data measurement 

and the three other LEDs were in the condition OFF, as illustrated in Fig. 8.37b. 

Similarly, in the second method, input to the driver was 16.3 ± 0.1 V. Parameters for 

modelling used in the study are summarised in Table 8.6. All three-dimensional 

profiles of the irradiance distribution were modelled by SigmaPlot 9 [192].  

 

 

 

 

(a) 

 

 

 

 

(b) 

Fig. 8.37. Methods used to measure E01, E02, E03 and E04, a) Method A1 and  

b) Method A2. 
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Table 8.6 Parameters for modelling of the light source with u = 7.5 cm 

Light 

source 

z = 100 cm, d = 30 cm, m = 12.56  z = 200 cm, d = 30 cm, m = 24.52 

E0 (mWcm
-2

) E0 (mWcm
-2

)  E0 (mWcm
-2

) E0 (mWcm
-2

) 

Method A1 Method A2  Method A1 Method A2 

LED1 0.036 0.054  0.012 0.018 

LED2 0.040 0.050  0.011 0.020 

LED3 0.050 0.074  0.015 0.023 

LED4 0.036 0.053  0.015 0.020 

 

 

 

8.7.4.2 Results 

Results, shown in Fig. 8.38 and Fig. 8.39, demonstrate the three-dimensional profile 

for modelling of the light source when the space distance between the light source 

and the illuminated area (z) equals to 100 cm.  

 

 

 

 

 

 

 

 

 

 

Fig. 8.38. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with z = 100 cm (Method A1). 
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Fig. 8.39. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with z = 100 cm (Method A2). 

The irradiance distributions as a function of linear displacement in three-dimensions 

with z = 200 cm using methods A1 and A2 are displayed in Fig. 8.40 and  

Fig. 8.41. 

. 

 

 

 

 

 

 

 

 

 

Fig. 8.40. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with z = 200 cm (Method A1). 

 



 

 185 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.41. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with z = 200 cm (Method A2). 

 

When the three-dimensional profiles using method A1 and method A2 are compared, 

they were not only different in peak irradiance but also different with regard to the 

irradiance distribution pattern across a horizontal surface in the illuminated area. 

This result is readily clarified when the measured irradiance for each individual LED 

are compared. Method A1 produced an irradiance less than method A2, due to 

differences in the voltage input to the LED array driver. However in method A1 

current was split between all 4 LED engines (with light output blocked from 3 of 

these) whereas with method A2 all of the current was flowing to one engine (as the 

other 3 were turned off) and this resulted in the higher output irradiances observed 

with method A2. 

To analysis which mathematical model (Eq. (8.11)) using either method A1 or 

method A2 can be used to predict and estimate the irradiance distribution profile 

from the light source in terms of  Cartesian coordinates (x, y, z), two-dimensional 

cross-sections for all three-irradiance profiles are compared for both the 

experimental data and the mathematical model. Comparative data of the irradiance 

distributions in two-dimensional profiles for all data are displayed in Fig. 8.42 and 
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Fig. 8.43. Fig. 8.42 and Fig. 8.43 show comparative data of the irradiance 

distribution when the space distance between the light source and illuminated area (z) 

were 100 and 200 cm, respectively. The results demonstrate that the curve of the 

irradiance distribution model using method A1 was similar to the curve obtained 

from the experimental data.  

 

 

 

 

 

 

 

 

Fig. 8.42. Comparative data on the irradiance distribution using either the experimental 

data or the mathematical model when z = 100 cm.  

 

 

 

 

 

 

 

 

 

 

Fig. 8.43. Comparative data on the irradiance distribution using either the experimental 

data or the mathematical model when z = 200 cm.  
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Having identified that method A1
 
gave good performance, the study then investigated 

the irradiance distribution from the light source with u = 4 and 5 cm and z = 200 cm. 

Parameters for modelling of irradiance distribution are summarised in Table 8.7.  

 

Table 8.7 Parameters for modelling of the light source with z = 200 cm 

Light source 
u = 4 cm, d = 30 cm, m = 7.4  u = 5 cm, d = 30 cm, m = 9.91 

E0 (mWcm
-2

)  E0 (mWcm
-2

) 

LED1 0.111  0.142 

LED2 0.096  0.141 

LED3 0.109  0.139 

LED4 0.105  0.125 

 

The irradiance distribution as a function of linear displacement for the mathematical 

model are displayed in Fig. 8.44 and Fig. 8.45. Results demonstrate that the 

irradiance distribution profile in terms of Cartesian coordinates (x, y, z) for the  light 

system with u = 4 cm or u = 5 cm gave similar results to the profile that resulted 

from the experimental data.  

The Two-dimensional cross section of the curve was used to analysis the similarity 

between the experimental data and the mathematical model (Eq. 8.11) from the 

irradiance distribution profile in terms of Cartesian coordinates (x, y, z). The two-

dimensional cross sections of the irradiance distribution curves, as shown in Fig. 

8.46 and Fig. 8.47, indicate the similarity between the experimental data and the 

mathematical model. The mathematical model (Eq. 8.11) produced a distribution of 

light irradiance which fits the experimental data.  
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Fig. 8.44. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 

source (4 LED engines) with u = 4 cm and z = 200 cm (Method A1). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.45. Irradiance distribution pattern in terms of Cartesian coordinates (x, y, z) for light 
source (4 LED engines) with u = 5 cm and z = 200 cm (Method A1). 
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Fig. 8.46. Comparative data for the irradiance distribution using either the experimental 

data or the mathematical model when u = 4 cm.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.47. Comparative data for the irradiance distribution using either the experimental 

data or the mathematical model when u = 5 cm.  
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The normalised cross correlation (NCC) and the RMS error have been used to 

determine the similarity and accuracy between the experimental data and the 

mathematical model (Eq. (8.11)) when both of them are compared. Data obtained 

from calculation of the NCC and the RMS error using either method A (u = 7.5 cm) 

or method B (z = 200 cm), as presented in Table 8.8 and Table 8.9, gives enough 

evidence that the mathematical model could be used to quickly predict and estimate 

the irradiance distribution pattern from the light source with values > 99% for the 

NCC and < 5% for the RMS error. 

 

Table 8.8 Summary data obtained from calculation of the NCC and RMS error for method A 

(When the experimental data and mathematical model 1 are compared) 

 

z (cm) NCC (%) RMS error (%) 

100 99.47 4.37 

200 99.65 3.60 

 

Table 8.9 Summary data obtained from calculation of the NCC and RMS error for method B  

 

u (cm) NCC (%) RMS error (%) 

4 99.44 4.71 

5 99.88 3.72 

 

 

8.7.5 A study of three-dimensional surface fitting using Gauss2D model  

8.7.5.1 Method 

As described in Section 8.7.3.2, irradiance distribution profiles that obtained from 

experimental data follow a Gaussian distribution curve. In order to determine 

whether the profile of the experimental data obtained in this study has a Gaussian 

distribution pattern, three-dimensional surface fitting using the Levenberg-Marquardt 

iterative algorithm with Gauss2D model was used, as illustrated in Fig. 8.48 [188, 
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193]. Calculation of the similarity between the experimental and the mathematical 

model (Eq. (8.13))  has been calculated by the Gaussian surface [194]: 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.48. Sample curve for 3D surface fitting using Gauss2D model (Adapted from [194]). 

2 2

0

1 2

1 1
exp ,

2 2

c cx x y y
z z A

w w

      
       

     

    (8.13) 

where, 

z0 = z offset (mWcm
-2

), 

A  = height (mWcm
-2

), 

xc = x centre (cm), 

yc = y centre (cm), 

w1 = x width (cm), 

w2 = y width (cm). 

 

8.7.5.2 Results 

Parameters and statistical analysis of three-dimensional surface fitting for the 

experimental data from Section 8.3.2 using method 1 with z = 100 and 200 cm are 
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presented in Table 8.10. Meanwhile, three-dimensional surface fitting for the 

experimental data using method 2 with u = 4 and 5 cm are summarised in Table 8.11. 

As shown in Table 8.10 and Table 8.11, overall the study has demonstrated that the 

three-dimensional curve of the experimental data could be analysed using the three-

dimensional surface fitting using the Gauss2D model, with a value of R
2
 close to 1 

and a small value of Residual Sum of Square (RSS). The irradiance distribution of 

the light source was uniform in all directions, with a value of w1 near to w2.  

Table 8.10 Parameters and statistical analysis resulting from three-dimensional surface 

fitting using Gauss2D model for method 1  

Parameter 
z = 100 cm 

 
z = 200 cm 

Value
$
 Standard error 

 
Value

$
 Standard error 

z0 0.0017   1.46E-04 
 

0.002 1.05E-04 

A 0.1238 7.23E-04 
 

0.052 2.23E-04 

xc -6.0203 0.15336 
 

-7.955 0.16959 

w1 26.2617 0.16527 
 

39.416 0.22168 

yc -1.1939 0.15376 
 

-2.457 0.16654 

w2 26.3305 0.16572 
 

38.745 0.21859 

Statistical analysis Value 
 

Value 
+
Degrees of freedom 435  435 

++
Reduced Chi-square 5.67E-06  1.17E-06 

+++
RSS 2.47E-03  5.11E-04 

*
R-Square 0.99085  0.99311 

**
Adjusted R-Square 0.99074  0.99303 

***
Root-MSE 0.00238  0.00108 

+
Degree of freedom (df) = the number of values in the final calculation of a statistic that are 

free to vary [195]. 
++

 Reduced Chi-square ( 2
redχ ) value, which equals to the residual sum of square divided by 

the degree of freedom [194].   
+++

Residual Sum of Square (RSS) = calculation of the difference between the experimental 

data and mathematical model. A small value of RSS demonstrates that the experimental data 
close to the mathematical model. 
*
R-square (R

2
) close to 1 indicates that the fit is a good. Value of R

2
 should in the range  

0 – 1.  

**Adjusted R-square = error

error

RSS df
1-

TSS df
, where TSS = the total sum of square. The number 

should be near 1, indicates that the fit is a good.  

***Root-Mean Square error or Standard deviation = Reduced Chi-square
.
 

$
 Units, see Eq. (8.13). 
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Table 8.11 Parameters and statistical analysis resulting from three-dimensional surface 

fitting using Gauss2D model for method 2  

Parameter 
u = 4 cm 

 
u = 5 cm 

Value
$
 Standard error 

 
Value

$
 Standard error 

z0 -0.01862 0.00371 
 

-0.00723 0.00314 

A 0.42085 0.00325 
 

0.5157 0.00266 

xc -2.20319 0.14751 
 

-1.06269 0.15496 

w1 75.45048 0.63973 
 

64.20585 0.45845 

yc -1.50944 0.14134 
 

-1.85279 0.15133 

w2 73.33274 0.62583 
 

63.04784 0.45288 

Statistical analysis Value 
 

Value 

Degrees of Freedom 435  435 

Reduced Chi-Square 4.07E-05  8.24E-05 

RSS 0.01772  3.59E-02 

R-Square 0.99514  0.99473 

Adjusted R-Square 0.99509  0.99467 

Root-MSE 0.00638  0.00908 

+
Degree of freedom (df) = the number of values in the final calculation of a statistic that are 

free to vary [195]. 
++

 Reduced Chi-square ( 2
redχ ) value, which equals to the residual sum of square divided by 

the degree of freedom [194].   
+++

Residual Sum of Square (RSS) = calculation of the difference between the experimental 

data and mathematical model. A small value of RSS demonstrates that the experimental data 
close to the mathematical model. 
*
R-square (R

2
) close to 1 indicates that the fit is a good. Value of R

2
 should in the range  

0 – 1.  

**Adjusted R-square = error

error

RSS df
1-

TSS df
, where TSS = the total sum of square. The number 

should be near 1, indicates that the fit is a good.  

***Root-Mean Square error or Standard deviation = Reduced Chi-square
. 

$
 Units, see Eq. (8.13). 

 

8.7.6 A study of angular distribution pattern for the new prototype HINS-light 

EDS  

Fig. 8.49 shows the experimental setup for determining angular distribution and all 

data were measured using a radiant power meter. As an initial position the detector 

(radiant power meter) was placed at r (cm) and 0 below the system where r can be 

adjusted in the range 30 – 200 cm. Furthermore, the detector was moved every 10 ± 
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2 for each independent experiment until 90. The experiment was then repeated for 

angular displacement in the range 0 to -90. 

 

 

 

 

 

 

 

 

Fig. 8.49. Experimental setup for determining angular distribution of the new HINS-light 

EDS 

 

The angular distributions of the HINS-light EDS system developed in the present 

study are displayed in Fig. 8.50 and Fig. 8.51. Fig. 8.50 is the angular distribution in 

the form of a polar plot while Fig. 8.51 represents irradiance distribution as a 

function of angular displacement.  

 

 

 

 

 

 

 

 

 

Fig. 8.50. Angular distribution of the new prototype HINS-light EDS in the form of a polar 
plot. 
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Fig. 8.51. Irradiance distribution as a function of angular displacement for the new 
prototype HINS-light EDS. 

 

All light distribution patterns radiated from the HINS-light EDS spreading above 40 

on the illuminated area (Fig. 8.50), provides information that the light distribution is 

spread widely enough to cover an illuminated area of 200 cm radius. This confirmed 

that the new HINS-light EDS had a wide spread of light distribution; this is an 

important factor for practical applications of the environmental decontamination 

system. 

 

8.8 An analytical study of thermal management options  

As described in Section 8.3.1, to ensure that the system did not generate dominant 

violet illumination but produced more normal room lighting, 12 high power white-

light LEDs, with typical light output of 3 W for each individual white LEDs, were 

incorporated into the design of HINS-light EDS. When the white LEDs were added 

to the light source to produce more conventional room lighting this also resulted in 

more heat production. The aim of this section focuses on an analytical study of 
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thermal management options for the white LEDs used in the light source. The main 

aspect involved determining the heat sink requirements for the white LEDs.  

8.8.1 Basic theory of thermal resistance for determining heat sink usage 

 “Heat sinks are devices that enhance heat dissipation from a hot surface, usually the 

case of a heat generating component, to a cooler ambient, usually air” [196]. The 

fundamental calculation of heat transfer is illustrated in Fig. 8.52, with Tc and Ts  

being the case temperature (C) and sink temperature (C), respectively. According 

to ALTERA, “Thermal resistance is the measure of a substance’s ability to dissipate 

heat, or the efficiency of heat transfer across the boundary between different media” 

[197]. Thermal resistance has been calculated using Eq. (8.14) for determining heat 

sink usage [196-198]. 

  ,j a

sa jc cs

T T
R R R

Q


          (8.14) 

where, 

Q = total power or rate of heat dissipation in W, 

Tj = maximum junction temperature of the device in C, 

Ta = ambient air temperature in C, 

Rjc = thermal resistance, junction to case in CW
-1

, 

Rcs = thermal resistance, case to heat sink in CW
-1

, 

Rsa = thermal resistance, heat sink to ambient in CW
-1

. 

 

 

 

 

 

 

 

 

Fig. 8.52. Thermal resistance circuit model (Adapted from [196]). 
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8.8.2 Calculation of thermal resistance for determining heat sink usage 

Parameters used for the calculation of thermal resistance were obtained from the 

datasheet of the White LED and adhesive thermal pad (Fig. 8.53) and these are 

summarised in Table 8.12 [190, 199]. 

 

 

 

 

 

 

 

Fig. 8.53. Adhesive thermal pad used. 

 

Table 8.12 Parameters for calculation of thermal resistance to determine heat sink 

requirements  

  

 

 

 

 

 

 

 

For 12 white LEDs, thermal resistance junction to case (Rjc) can be calculated: 

1
18

' 0.67 ,
12

jc

jc

R CW
R CW

Number of white LED




       (8.15) 

and total power or rate of heat dissipation (Q): 

12 3.8 0.7 31.92Q V A W         (8.16) 

Parameter Value Reference 

Tj 125 C [190] 

Ta 25 C [190] 

Rjc 8 CW
-1

 [190] 

Rcs 0.49 CW
-1
 [199] 

Forward Voltage 3.8 V [190] 

Forward Current 700 mA [190] 
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Using data obtained from Table 8.12 and combining Eq. (8.14), (8.15) and (8.16), 

thermal resistance for heat sink to ambient can be calculated as follows: 

 

 1 1

1

'

125 25
0.67 0.49

31.92

1.97 ,

j a

sa jc cs

T T
R R R

Q

C C
CW CW

W

CW

 




  

  
    

 

   (8.17) 

To determine the best heat sink for designing the HINS-light EDS especially for the 

white LEDs, it was considered that the heat sink will work most effectively when the 

thermal resistance Rsa is less than the required 1.97 °CW
-1

. 

The heat sink used in the study was aluminium plate with a dimension 53 × 53 cm 

and 2 mm of thickness (Fig. 8.54). The thermal conductivity of the aluminium plate 

was 237 Wm
-1

K
-1

 [200]. For aluminium plate with thermal conductivity k (Wm
-1

K
-1

), 

area of plate A (m
2
) and thickness L (m), thermal conductance in WK

-1
 (equivalent to: 

W°C
-1

) can be calculated with Eq. (8.18). 

-1 -1 2

-3

-1 1

237 Wm K 0.2809 m
Thermalconductance =

2×10 m

=33287.7 WK 33287.7 .

kA

L

W C




 

  (8.18) 

 

The thermal resistance is defined as 1/Thermal conductance; therefore, Eq. (8.18) 

can be rewritten, 

-5 11
Thermal resistance = =3.0×10 .

Thermalconductance
CW   (8.19) 

If the results obtained from Eq. (8.19) and Eq. (8.17) are compared, the thermal 

resistance obtained by Eq. (8.19) is less than by Eq. (8.17). This confirms that the 

heat sink which has been selected satisfies the criteria of a heat sink for the HINS-

light EDS system. 

  



 

 199 

 

 

 

 

 

 

Fig. 8.54. Heat sink used for thermal management of the white LEDs. 

 

Monitoring of the surface temperature when all twelve white LEDs were switched 

ON for 3 x 24 hours, showed that the temperature was in the range 37 – 40 C. 

According to an operational time for the HINS-light EDS in the hospital environment 

(switched on for 10 hours/day) the results show that the heat produced by the white 

LEDs is controlled by the heat sink and will therefore not generate detrimental effects 

on the HINS-light EDS system. 

8.9 Conclusions 

A new design for the HINS-light EDS has been developed and its irradiance 

distribution has been studied. Optimal parameters for designing and developing have 

been established including: the Lambertian mode number (m), configuration of the 

Fresnel lens and diffuser, space distance between the light engines (LEDs), Fresnel 

lens and diffusers, and topology of the light engines.  

A mathematical model (Eq. (8.11)) which allows analysis of the light distribution 

from a square LED array topology has been successfully developed, with results 

proving that intensity distribution of the system is in good agreement with 

experimental data. The comparison between the mathematical model and the 

experimental data show that the NCC is greater than 99% and the RMS error is less 

than 5%. Analysis of thermal management options showed that the heat sink chosen 

has the ability to keep the white LEDs working in ideal thermal conditions. 

Comparison of the initial HINS-light EDS prototype with the new upgraded 

prototype will be discussed in Chapter 9.  
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CHAPTER 9 

9  DESIGN OF THE HINS-LIGHT 

ENVIRONMENTAL DECONTAMINATION SYSTEM 

9.1 General 

Following establishment of the optimal parameters for the HINS-light EDS – which 

included configuration of the Fresnel lens and diffuser (type 4), the distance between 

the light source and the lens system, and the optimal LED-to-LED array spacing – 

the practical design of the new HINS-light EDS prototype has been completed. The 

present chapter describes the work on the design and construction of this new 

prototype and consists of two main parts. Part I describes the electrical and 

mechanical design and construction, as well as the controllability features of the new 

HINS-light EDS. A comparison of the initial ROLEST HINS-light EDS prototype 

and the prototype designed and developed in this study is also presented.  In Part II, 

the study was focused on providing a full safety analysis and risk assessment of the 

new HINS-light EDS prototype.  

 

 

9.2 Mechanical Design and Configuration 

The final design of the new HINS-light EDS prototype is pictured in Fig. 9.1. As 

described in Chapter 8, the main components of the HINS-light EDS are 405 nm 

LED light engines and white LEDs covered with a Fresnel lens and diffuser 

combination. The total irradiance of the HINS-light EDS source is 0.32 mWcm
-2

 at a 

distance of 200 cm below the system. The total illuminance for the four 405 nm LED 

engines is 107 lux. By adding white light with an illuminance of 102 lux, the total 

illuminance of the HINS-light EDS becomes 209 lux. This illuminance is close to 

illuminance of a typical room lighting source which is between 300 and 500 lux. To 
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ensure the HINS-light EDS produces white-dominant light and does not generate any 

disturbing effects; the Fresnel lens and diffuser were used, as shown in Fig. 9.1a. 

Visual inspection of the light emitted from the new light system (Fig. 9.1a) confirms 

that the new HINS-light EDS produces light similar with a typical laboratory 

lighting source. Dimensions of the new HINS-light EDS are shown in Fig. 9.2, 

Fig. 9.3 and Fig. 9.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.1. Photographs of the final design of the new HINS-light EDS prototype, a) suspended 

from the ceiling, b) side view and c) top view. 

 

 

 



 

 202 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.2. Schematic diagram of the HINS-light EDS. 
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Fig. 9.3. Dimensions for the 405 nm LED light engines and the white LEDs. 
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Fig. 9.4. Dimensions for the Fresnel lens and diffuser. 
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9.3 Electrical Design and Configuration 

The power supply used to drive the HINS-light EDS was a 240W single output 

Switching Power Supply (HLG-240-12A) obtained from the Mean Well Direct, UK 

(Fig. 9.5) [201]. The power supply had an IP65 rated design suitable for LED 

lighting and moving sign applications [201]. IP65 as defined in the international 

standard, IEC 60529, indicates that the power supply has a dust proof and water 

proof design protection to ensure that “water projected by a nozzle against the 

enclosure from any direction shall have no harmful effects”  [201, 202]. The constant 

voltage output from the power supply was 12 V with a rated power of 192 W and 

rated current of 16 A [201].  

 

 

 

 

 

 

Fig. 9.5. Circuit diagram to drive the 405 nm LED light engines connected in parallel. 

 

Fig. 9.6 shows the circuit diagram to driver the white LEDs, the power supply used 

in the circuit was an LED Power Supply with a constant current of 450 mA, output 

voltage in the range 33 – 66 V, an IP67 rated design and efficiency of 86% (LXC30-

0450S,  Excelsys Technologies Ltd., Ireland) [203]. 

According to IEC 60529, IP67 rated design indicates that the power supply has a 

dust proof and water proof design to ensure that “ingress of water in harmful 

quantity shall not be possible when the enclosure is immersed in water under defined 

conditions of pressure and time (up to 1 m of submersion)” [202].  

The total power consumption of the EDS light source including power consumption 

of the 405 nm LED light engines (set as 100 % intensity output) and the white LEDs 

is 194 W. The level of intensity of the 405 nm LEDs will be discussed in Section 9.4.  
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Fig. 9.6. Circuit diagram to drive the white LEDs in series. 

 

 

9.4 System Control 

The new HINS-light EDS prototype is equipped with a control system which allows 

adjustment of each individual 405 nm LED light engine using a PC connected to the 

405 nm light engines via a USB cable. The software also allows monitoring of input 

and output voltage and current, temperature and fan status, as shown in Fig. 9.7 and 

Fig. 9.8.  

 

 

 

 

 

 

 

Fig. 9.7. Photograph of the USB port for controlling and monitoring the 405 nm LEDs.  

 



 

 207 

 

 

 

 

 

 

 

 

 

Fig. 9.8. Display of the LE sentinel (V2.2) software on a computer screen. This software is 
supplied by ENFIS Ltd., UK, for controlling and monitoring the 405 nm LED light engines. 

 

As displayed in Fig. 9.8, the intensity level for each individual 405 nm LED light 

engine can be adjusted in the range 0 – 100%.  Examples of irradiance (mWcm
-2

) as 

a function of level (%) for the light source with a value of u = 4, 5 and 7.5 cm are 

displayed in Fig. 9.9, Fig. 9.10 and Fig. 9.11, respectively. All measured data were 

taken at a distance of 200 cm below each individual 405 nm LED light engine at a 

central position (Fig. 8.31). Results demonstrate that when the 405 nm LED light 

engines are set at the same level (%) they do not provide the same level of irradiance. 

To ensure that each individual light engine produces irradiance at same level, for 

example 0.2 mWcm
-2

 (Fig. 9.11), LED1, LED2, LED3 and LED4 should be adjusted 

at to give output  levels of  86, 88, 95 and 78%, respectively.  

Temperature for each individual 405 nm LED light engine can be monitored. When 

the temperature reaches a value above 35 C (Fig. 9.12), the fan attached to the heat 

sink will start to operate to provide thermal protection. The fan will stop when the 

temperature decreases to 32C. Input voltage, LED current, LED voltage, 

temperature, light level and fan status can be saved into a file that in the future can 

be used to analyse what has happened in the system, as shown in Fig. 9.12. 

Establishing the relationship between the irradiance (mWcm
-2

) and output level (%) 

for each individual 405 nm LED light engine (Fig. 9.9, Fig. 9.10 and Fig. 9.11), 
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means that the 405 nm light engine can be set in order to achieve the same irradiance 

level on the illuminated area to ensure the light distribution is uniform for all 

directions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.9. Irradiance (mWcm
-2

) as a function of level (%) for each individual 405 nm LED 
light engine when the light system had a value of u = 4 cm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.10. Irradiance (mWcm
-2

) as a function of level (%) for each individual 405 nm LED 
light engine  when the light system had a value of u = 5 cm. 
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Fig. 9.11. Irradiance (mWcm
-2

) as a function of level (%) for each individual 405 nm LED 

light engine when the light system had a value of u = 7.5 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.12. Example of the monitoring data which is recorded for the 405 nm LED light 

engines. The fan attached to heat sink will start and stop to provide thermal protection when 

the temperature reaches values of 35 and 32 C, respectively. 
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9.5 A study of light distribution for the new prototype HINS-light EDS 

Fig. 9.13, Fig. 9.14, Fig. 9.15 and Fig. 9.16 demonstrate irradiance (mWcm
-2

) as a 

function of linear displacement (cm) for each individual 405 nm LED light engine 

with u = 4, 5 and 7.5 cm, respectively. The irradiance was measured at a distance of 

1.5 m below the 405 nm light engine (Fig. 8.59), and the power supply to drive the 

405 nm light engine was set at 12.0 ± 0.1 V and 3.4 ± 0.1 A. The output intensity 

level for each of the light sources was 100%. 

Overall, these results for all four light engines show that the light distribution had a 

similar irradiance pattern (Gaussian distribution), with the largest peak irradiance 

value (mWcm
-2

) registered for u = 7.5 cm and the lowest of the Lambertian mode 

number (m) registered for u = 4 cm. All parameters obtained in this study are 

summarised in Table 9.1. As stated in Table 9.1, results show that the highest total 

power (W) was generated in the system with a value of u = 4 cm. This confirms that 

the optimal distance between the light source and the lens system (u) is 4 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.13. Irradiance distribution as a function of linear displacement for LED1  

with z = 150 cm. 
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Fig. 9.14. Irradiance distribution as a function of linear displacement for LED2  
with z = 150 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.15. Irradiance distribution as a function of linear displacement for LED3  

with z = 150 cm. 
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Fig. 9.16. Irradiance distribution as a function of linear displacement for LED4  

with z = 150 cm. 
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Table 9.1 Calculation of the Lambertian mode number (m), irradiance at a distance of 1.5 m below the LED (E0) and total light power delivered by 
the optical system (W) 

 

 

+Calculated with Eq. (2.16), *Calculated with Eq. (8.8), 

 

 

 

 

Light source 
u = 4 cm u = 5 cm u = 7.5 cm 

m
+
 E0 (Wm

-2
) Total light power (W)* m

+
 E0 (Wm

-2
) Total light power (W)* m

+
 E0 (Wm

-2
) Total light power (W)* 

LED1 5.61 1.71 3.65727 8.72 2.43 3.53429 24.12 5.14 2.89272 

LED2 5.90 1.48 3.03232 9.30 2.15 2.95096 26.53 4.39 2.25435 

LED3 4.45 1.42 3.68345 8.36 2.15 3.24732 38.09 4.1 1.48279 

LED4 5.55 1.64 3.53969 9.03 2.45 3.45325 24.67 5.17 2.84726 
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9.6 Comparison of an initial prototype and the new prototype HINS-light EDS 

9.6.1 Design of light source 

As described in Section 8.1, the purpose of this study was the development, testing 

and modelling of a fully-integrated large-scale HINS-light EDS based on the initial 

prototype. The initial prototype was a ceiling mounted light source made up of a 

matrix of sixteen 405 nm LED arrays and 5 white LEDs covered by a Fresnel and 

diffuser, to control the irradiance distribution of the LEDs, as shown in Fig. 8.28. 

The matrix of 405 nm LEDs and white LEDs are mounted on a heat sink with a 

configuration as illustrated in Fig. 9.17. The system used two power supplies to drive 

the LEDs (one for the 405nm arrays and one for the white LEDs) [184].  

Each of the 405 nm LED arrays was made up of 99 individual LEDs (OD-405-99-

070) with power output of 1.7 W and radiation beam angle of 70 obtained from the 

Opto Diode Corp, USA [204]. 3.6 W white LEDs (GE-VHD-1A3B8 obtained from 

the General Electric (GE), USA) were used in the design to achieve the appropriate 

level of room lighting [205]. The initial prototype had a total illuminance of between 

6 lux and 24 lux and total irradiance of 0.33 mWcm
-2

 at a distance of 200 cm below 

the light source [184].  

 

 

 

 

 

 

 

 

 

 

Fig. 9.17. Diagram of the matrix design of the initial prototype HINS-light EDS. 
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A comparison of the design of the initial prototype and the newly designed prototype 

HNS-light EDS, including specifications such as dimension, power consumption, 

weight and thermal management options, are summarised in Table 9.2 and shown in 

Fig. 9.18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.18. Comparative design of aspects of the initial prototype and the new prototype 

HINS-light EDS: a) light emitted from initial prototype still produced dominant violet 

illumination whilst the new prototype emits light close in appearance to laboratory lighting. 
b) dimensional comparison between the initial prototype and the new prototype, and c) 

power supply to drive the EDS: detached and bulky  for the initial prototype whilst small 

and integrated into the system for the new prototype. 
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Table 9.2 Comparative  design specifications for the initial prototype and the new prototype 

HINS-light EDS  

 

Item Initial Prototype New Prototype 

Heat Sink Large and Heavy Embedded in system,  Small and light 

Power Supply Detached and Bulky Small and integrated 

Controllable By power supply By computer 

Integrated No Yes 

Dimension 59.2 cm × 59.2 cm × 24 cm 59.2 cm × 59.2 cm × 8 cm 

Power 293.45 W 193.87 W 

I/O No USB port 

Weight 13 Kg 7 Kg 

Cost “Confidential” 50% lower than the initial prototype 

 

 

9.6.2 A study of light distribution as a function of linear displacement 

9.6.2.1 Experimental method 

Having demonstrated that the level of intensity of 405 nm light engines can be 

controlled by computer, a study then investigated the comparative light distribution 

pattern between the initial prototype and the new prototype, and used this data to 

ensure that the irradiance pattern of the new prototype was of a similar pattern to the 

initial prototype. This section examines and discusses a study of light distribution as 

a function of linear displacement and involves two methods. In Method I, the study 

focuses on a comparison of the light distribution produced by the new prototype and 

the initial prototype. Levels of intensity (controlled by computer) used in the study 

were 50, 60, 70, 80, 90 and 100%. The space distances between the light source and 

the lens system (u) were set at 4, 5 and 7.5 cm, and the space distance between the 

light source and the illuminated area was 200 cm. All 405 nm light engines were set 

at 12.0 ± 0.1 V. The relationship between current (A) and levels of software intensity 

(%) for each individual 405 light engine is shown in Fig. 9.19. 
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In Method II, the experiment focuses on a comparison between the light distribution 

produced by the new prototype and the initial prototype when the level of irradiances 

of the new prototype were set at 0.092 mWcm
-2

 for each individual LED. These data 

were measured by a radiant power meter (Model 70260, L.O.T.-Oreiel Ltd., UK). 

Similar to Method I, the space distances between the light source and the lens system 

(u) were set at 4, 5 and 7.5 cm, and the space distance between the light source and 

the illuminated area is 200 cm. 

 

9.6.2.2 Experimental results 

Method I 

Current as a function of software intensity level (%) for each individual light engine 

used in the experiment is shown in Fig. 9.19. Voltage input for all light engines was 

set at 12.0 ± 0.1 V, and all light engines were connected in parallel (Fig. 9.5).  It can 

be observed from Fig. 9.19 that all four light engines have different levels of power 

consumption. For example, when the software intensity level was set at 50%, it 

shows that the current (A) generated from each individual light engine is different: 

0.84 A for LED1,1.95 A for LED2, 1.03 A for LED3 and 0.91 A for LED4. 

Fig. 9.20, Fig. 9.21 and Fig. 9.22 show light distribution as a function of linear 

displacement for u = 4, 5 and 7.5 cm, respectively. Graphs also shown the light 

distribution for the initial prototype as a comparison. The light distribution pattern 

for the initial prototype, shown Fig. 9.20, demonstrate that the pattern was closed to 

the new prototype at a level of intensity of 80% and 90%. The Lambertian mode 

number (m) and total power (W) obtained in these tests are summarised in Table 9.3. 

Total power for the initial prototype has a value of between 80% and 90% of 

intensity level for the new prototype.  

 

 

 

 

 



 

 218 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.19. Current as a function of software level (%) for each individual 405 nm light 
engine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.20. Comparative data the light distribution between the initial prototype and the new 

prototype with differing levels of intensity, with a value of u = 4 cm and z = 200 cm. 
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Table 9.3 Comparative data  for the Lambetian mode number (m), E0 (mWcm
-2

) and total 

power (W) between the new prototype (u = 4 cm) and the initial prototype  

Light source m
+
 E0 (Wm

-2
) Total Power (W)* 

New prototype (50% Level)  6.45 1.88 6.34 

New prototype (60% Level)  6.30 2.23 7.68 

New prototype (70% Level)  6.35 2.68 9.16 

New prototype (80% Level)  6.38 3.12 10.63 

New prototype (90% Level)  6.14 3.52 12.39 

New prototype (100% Level)  6.09 3.89 13.79 

Initial prototype 6.18 3.28 11.48 

*Calculated with Eq. (8.8), +Calculated with Eq. (2.16) 

 

 Results, shown in Fig. 9.21, demonstrate that all patterns of light distribution 

emitted by the light source with u = 5 cm are different from the pattern of the initial 

prototype. Summary calculation of the Lambartian mode number (m) and total 

power (W) for both the initial and the new prototype are summarised in Table 9.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.21. Comparative data for the light distribution between the initial prototype and the 

new prototype with differing levels of intensity, with a value of u = 5 cm and z = 200 cm. 
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Table 9.4 Comparative data for the Lambetian mode number (m), E0 (mWcm
-2

) and total 

power (W) between the new prototype (u = 5 cm) and the initial prototype  

Light source m
+
 E0 (Wm

-2
) Total Power (W)* 

New prototype (50% Level) 8.72 2.38 6.15 

New prototype (60% Level) 8.83 2.92 7.47 

New prototype (70% Level) 8.62 3.39 8.86 

New prototype (80% Level) 8.59 3.80 9.96 

New prototype (90% Level) 8.52 4.25 11.22 

New prototype (100% Level) 8.80 5.10 13.08 

Initial prototype 6.18 3.28 11.48 

*Calculated with Eq. (8.8), +Calculated with Eq. (2.16) 

 

Fig. 9.22 shows the results of measurement of light distribution as a function of 

linear displacement for the light source with u = 7.5 cm and z = 200 cm. Total power 

(W) irradiated and the Lambertian mode number (m) for both the new prototype and 

the initial prototype have been calculated with Eq. (8.8) and Eq. (7.16), respectively 

and are presented in Table 9.5.  

 

 

Table 9.5 Comparative data for the Lambertian mode number (m), E0 (mWcm
-2

) and total 
power (W) between the new prototype (u = 7.5 cm) and the initial prototype  

Light source m
+
 E0 (Wm

-2
) Total Power (W)* 

New prototype (50% Level) 18.25 3.66 4.78 

New prototype (60% Level) 20.19 4.50 5.34 

New prototype (70% Level) 20.34 5.36 6.31 

New prototype (80% Level) 20.21 6.23 7.38 

New prototype (90% Level) 20.40 7.17 8.42 

New prototype (100% Level) 21.90 8.60 9.44 

Initial prototype 6.18 3.28 11.48 

*Calculated with Eq. (8.8), +Calculated with Eq. (2.16) 
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Fig. 9.22. Comparative data for the light distribution between the initial prototype and the 

new prototype with differing levels of intensity, with a value of u = 7.5 cm and z = 200 cm. 

 

 

Method II 

The light distribution as a function of linear displacement for the new prototype 

HINS-light EDS, with irradiance levels for each individual light engines set at 

0.092 mWcm
-2

, is shown in Fig. 9.23. For reference, the light distribution for the 

initial prototype is also given in Fig. 9.23. Calculation of the total power (W) 

demonstrates that the highest power was achieved when the new prototype has u = 

4 cm, as stated in Table 9.6.  
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Fig. 9.23. Comparative data of the light distribution between the initial prototype and the 

new prototype with the power density of each light engine set at 0.092 mWcm
-2

. 

 

Table 9.6 Comparative data of the Lambertian mode number (m), E0 (mWcm
-2

) and total 

power (W) between the initial and the new prototype with power densities set at 

0.092 mWcm
-2

 for each individual 405 nm light engine 

 

Light source m
+
 E0 (Wm

-2
) Total power (W)* 

New prototype (u = 4 cm) 6.08 3.50 12.4 

New prototype (u = 5 cm) 8.45 3.50 9.3 

New prototype (u = 7.5 cm) 21.44 3.50 3.9 

Initial prototype 6.18 3.28 11.5 

*Calculated with Eq. (8.8), +Calculated with Eq. (2.16) 

 

Upon identification that the topology of the new prototype with u = 4 cm and the 

irradiance level for each individual LED set at 0.092 mWcm
-2

 provides a light 

distribution close to the light distribution of the initial prototype, the study then 

focused on investigating this topology for two levels of irradiance for each individual 

LED light engine. These levels were set at 0.076 and 0.080 mWcm
-2

. All data of 
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light distribution from the new prototype were then compared to the data of the light 

distribution from the initial prototype.  

The light distribution as a function of linear displacement between the initial 

prototype and the new prototype, with same level of power densities for each 

individual 405 nm light engine, is shown in Fig. 9.24. The results demonstrate that 

when the 405 nm LED light engines are set at a level of 0.08 mWcm
-2

, the light 

distribution pattern is a similar to the light distribution pattern of the initial prototype. 

Total power (W) and the Lambertian mode number (m) for both the new prototype 

and the initial prototype are presented in Table 9.7. As stated in Table 9.7, the total 

power (W) of the new prototype HINS-light EDS has a value less than the initial 

prototype when the light sources are set at 0.076 mWcm
-2

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.24. Comparative data for the light distribution between the initial prototype and the 

new prototype, the three identical levels of intensity for each individual 405 nm light engine 

(new prototype) used in the study were 0.076, 0.08 and 0.092 mWcm
-2

. 
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Table 9.7 Comparative data of the Lambertian mode number (m), E0 (mWcm
-2

) and total 

power (W) between the new prototype (u = 4 cm) and the initial prototype  

Light source 
Irradiance (Wm

-2
) 

m
+
 

E0 Total Power 

LED1 LED2 LED3 LED4 (Wm
-2

) (W)* 

New prototype 0.76 0.76 0.76 0.76 6.23 2.92 10.15 

New prototype 0.80 0.80 0.80 0.80 5.67 3.13 11.79 

New prototype 0.92 0.92 0.92 0.92 6.08 2.92 12.42 

Initial prototype 
    

6.18 3.28 11.48 
+Calculated with Eq. (2.16), *Calculated with Eq. (8.8) 

 

9.7 Analytical studies involving safety calculations of HINS-light EDS 

As described in Section 8.7.1, the active components of an HINS-light EDS are four 

405 nm LED light engines. The emission spectrum for each individual 405 nm LED 

light engine used is shown in Fig. 9.25, with the peak wavelength for all four 405 nm 

LED engine in the range 405 ± 7 nm. Analysis of the emission spectrum found that 

no part of the HINS- light EDS falls within the UV-B/UV-C regions. It is UV light 

in the UV-B and UV-C wavelength regions that causes the majority of cases of UV 

damage to skin and eyes. However approximately 20% of the HINS-light falls within 

the UV-A region in the wavelength region 380 nm to 400 nm (Fig. 9.26), where 

potential damaging effects are small [184], but this issue will be considered in 

further discussions.   

 

 

 

 

 

 

 

 

Fig. 9.25. Emission spectra of the four 405 nm LED light engines. 



 

 225 

 

 

 

 

 

 

 

 

 

 

Fig. 9.26. Portion of the new HINS-light EDS (4 LED light engines) emission spectrum (380 
– 400 nm) that falls within the UV-A wavelength region. 

 

 

9.7.1 Safety calculations 

9.7.1.1 Luminous flux and luminance 

To analysis exposure limits for the new HINS-light EDS and ensure that it is safe for  

eye and skin exposure with regard to  the guidelines on limits of exposure to optical 

radiation such as ultraviolet, visible light and infrared (IR), photometric and 

radiometric values for each individual LED were measured. 

The peak wavelength for all individual LED light engines used in the new HINS-

light EDS were between 401 and 408 nm (Fig. 9.25). The luminous flux (lm) for 

each individual LED can be calculated with reference to the photopic curve as shown 

in Fig. 9.27 which is the photopic curve for the wavelength region 400 – 410 nm.   
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Fig. 9.27. Eye sensitivity function, V() and luminous efficacy in the wavelength region  
400 – 410 nm.  

 

Luminous flux is defined as follows: “a monochromatic light source emitting an 

optical power of (1/683) watt at 555 nm has a luminous flux of 1 lumen (lm)” [29]. 

The luminous flux values for each individual LED light engine used in the new 

HINS-light EDS are summarised in Table 9.8.  

Values of luminous flux contained in Table 9.8 were obtained using the luminous 

efficacy (lmW
-1

) and radiant flux (W) values. Results demonstrate that the luminous 

flux for each individual 405 nm LED light engines varies within the range 10 – 19 

lm, with a total luminous flux of 63.65 lm for ~ 20 W light source of the new HINS-

light EDS.  

Table 9.8 The peak wavelength (nm), luminous efficacy (lmW
-1

), radiant flux (W) and 

luminous flux (lm) for all four the 405 nm LED light engines used in the new HINS-light 

EDS 

Light 

source 

Peak wavelength Luminous efficacy Radiant flux* Luminous flux 

(nm) (lmW
-1

) (W) (lm) 

LED1 407.82 3.84 4.90 18.82 

LED2 405.72 3.18 4.90 15.58 

LED3 407.82 3.84 4.90 18.82 

LED4 401.25 2.13 4.90 10.44 

*Values of radiant flux obtained from the datasheet of ENFIS Uno Air Cooled Light Engine [185]. 
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Measurement of the illuminance (lux) using a LUTRON LX-101 Digital Lux Meter 

(LUTRON Electronic Enterprise Co., Ltd, Taiwan) resulted in a value of 29 lux for 

LED1, 26 lux for LED2, 25 lux for LED3 and 30 lux for LED4. All measurement data 

were taken at a distance of 200 cm below the 405 nm LED light engine at the centre 

position for each light source. When all four of the 405 nm LED light engines were 

used for measuring illuminance, the total illuminance was 107 lux at a distance of 

200 cm below the light source at the centre position of the system (Ev0), as illustrated 

in Fig. 9.28.  

As described in Section 8.7.1, in addition to the four 405 nm LED light engines, the 

new HINS-EDS also includes 12 white light-emitting diodes (LEDs) in order to 

produce a more normal room lighting effect. According to the datasheet provided the 

luminous flux for each white LED was 90 lm, thus the total luminous flux for 12 

white LEDs is 90 lm × 12 equals to 1080 lm. Similarly, the measured illuminance 

(lux) for the 12 white LEDs was 102 lux.  

By adding the illuminance from the 405 nm LED light engines and white LEDs, the 

total illuminance was 209 lux at a distance of 200 cm below the light source. This 

value is a relatively low-light level compared to home lighting of between 30 lux and 

300 lux, office desk lighting of between 100 lux and 1,000 lux and surgery lighting 

of 10,000 lux [29].  

Luminance can be calculated using Eq. (2.29), and a value of solid angle can be 

determined as follows:  

2

,
r

d

 

   
 

        (9.1) 

where r is the radius of the source and d is the perpendicular distance from the 

source to the point where the irradiance is Ev. In the case, r and d were 10 cm (radius 

of a Fresnel lens) and 200 cm, respectively. Thus, a value of solid angle (Ω) for each 

individual 405 nm LED light engines equals to 0.00785 sr. Since Ev1 (LED1) = 29 

lux, Ev2 (LED2) = 26 lux, Ev3 (LED3) = 25 lux, Ev4 (LED4) = 30 lux and Ω = 

0.00785 sr, the luminances are 3694.3 cd.m
-2

, 3312.1 cd.m
-2

, 3184.7 cd.m
-2

, and 

3821.7 cd.m
-2

, respectively.  



 

 228 

For radiometric quantities, irradiance (mWcm
-2

) for each individual 405 nm LED 

light engine was 0.08 mWcm
-2

 as measured by a radiant power meter. The total 

irradiance of the active components of a HINS-light EDS source was 0.32 mWcm
-2

 

at a distance of 200 cm below the light system (E0), as illustrated in Fig. 9.28. 

 

 

 

 

 

 

 

Fig. 9.28. Measurement method for obtaining photometric and radiometric quantities.  

 

 

9.7.1.2 Blue light hazard 

A radiance (L) for each individual LED light engine can be calculated as follows: 

,
E

L 


        (9.2) 

where E is irradiance from measurement (0.08 mWcm
-2

) and Ω = 0.00785 sr for each 

individual 405 nm LED light engine and therefore radiance is 10 mW.cm
-2

.sr
-1

. 

According to ICNIRP guidelines regarding exposure limits for blue light in the range 

300 – 700 nm, long-term exposure to a particular source is permissible when the 

effective blue-light radiance is ≤ 10 mWcm
-2

sr
-1

 [25]. The results calculated above 

show that the radiance of each individual 405 nm LED light engine is equal to the 

safe exposure limit, therefore further assessment of the blue light hazard is necessary.  

In order to calculate effective radiance for each individual 405 nm LED light engine 

array, the effective blue light radiance (LB) can be calculated using Eq. (2.23), where 
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L is obtained using data given in Fig. 9.29 and B() is given in Fig. 2.11. This 

analysis is valid for normal healthy eyes. In order to evaluate the safety exposure for 

eyes with removed lens (after a cataract operation), the effective blue light radiance 

(LA) can be calculated using Eq. (2.25), where A() is the aphakic hazard function 

(unitless) obtained from Fig. 2.11. Values of the blue light radiance both for normal 

healthy eyes and for eyes which have had the normal lens removed, as well as 

exposure time maximum and percentage threshold limit value (TLV)  for this study 

are summarised in Table 9.9. 

These analyses show that all four LED light engines have a value of effective blue 

light radiance (LB) that is less than 10 mWcm
-2

sr
-1

 for both normal healthy eyes and 

for eyes which have had  the normal lens removed (with %TLV in the range 4 – 8% 

and ranging from 32 to 36%, respectively). The maximum of exposure time in direct 

viewing at a perpendicular distance from the source of 200 cm for all four LED light 

engines result in a value in the range 33 – 57 hours for normal healthy eyes and 7.8 – 

8.6 hours for eyes with the normal lens removed.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.29. Spectral radiance for a HINS-light EDS source. 
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Table 9.9 The blue light radiance (LB) and exposure time maximum calculations of the new HINS-light EDS 

 

Parameter 
Normal healthy eyes  Eyes with the normal lens removed 

LED1 LED2 LED3 LED4  LED1 LED2 LED3 LED4 

Blue light radiance, LB (Wm
-2

sr
-1

) 7.9 6.9 8.2 4.9  34.6 33.4 32.3 35.5 

Exposure time (hours) 35.2 40.3 33.9 56.7  8.0 8.3 8.6 7.8 

% TLV 7.9 6.9 8.2 4.9  34.6 33.4 32.3 35.5 

 

 

Table 9.10 Safety calculations in relation to UV interaction with skin and eyes, exposure time maximum and % TLV for the new HINS-light EDS 

Parameter LED1 LED2 LED3 LED4 

Eeff  UV (Wm
-2

) 1.9 × 10
-4

 1.3 × 10
-4

 2.0 × 10
-4

 3.3 × 10
-4

 

Exposure Limit (Hours) to reach 30 Jm
-2

 (UV) 45 65 42 25 

Portion of HINS-light source in the UV-A region (mWcm
-2

) 3.1 × 10
-4

 3.4 × 10
-4

 2.5 × 10
-4

 4.9 × 10
-4

 

Exposure limit (%) to reach 1 mWcm
-2

 (UV-A) 0.31 0.34 0.25 0.49 
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9.7.1.3 UV-light and Thermal hazard 

It has been demonstrated that HINS light at the irradiance level of 0.08 mWcm
-2

 for 

each individual 405 nm LED light engine is safe in relation to blue light radiation, 

especially for protection of the retina against photorentinitis in the wavelength region  

300 – 700 nm. The study then conducted a safety analysis in relation to both thermal 

and UV interaction with skin and eyes.  

Fig. 9.26 shows that the new HINS-light EDS emits a light spectrum which has no 

infrared component, and according to the ICNIRP (regarding retinal thermal hazard 

in the wavelength region 380 – 1400 nm) the light source needs to be analysed if the 

luminance of the source is more than 1 candela per cm
2
 (10

4
 cd.m

-2
) of the surface 

area of the source [25]. Previous results in Section 9.7.1.1, regarding calculation of 

luminance for each individual LED light engine, demonstrate that all LED light 

engines have a value less than 10
4
 cd.m

-2
,
 
with actual values of between 3100 cd.m

-2
 

and 3850 cd.m
-2

. This clearly demonstrates that the new HINS-light EDS is safe in 

relation to retinal thermal hazard.  

As shown in Section 9.7, approximately 20% of HINS-light falls within the  

the wavelength region 380 nm to 400 nm (Fig. 9.26) which is within the UV-A 

region. Fig. 9.30 demonstrates that a small portion of the emission spectrum for all 

four LED light engines overlaps with the ultraviolet damage function or relative 

spectral effectiveness, S(). According to the ICNIRP, limits of exposure to UV 

radiation incident upon unprotected skin and eyes should be calculated by dividing 3 

mJcm
-2

 by the effective irradiance (Eeff) of the UV source in mWcm
-2

 [26]. To 

determine whether the new HINS-light EDS satisfy these safety limits, Eeff has been 

calculated using Eq. (2.26). For these calculations the relative spectral effectiveness, 

S() (Fig. 2.13) and spectral irradiance , E (Fig. 9.31) have been used. 
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Fig. 9.30. Correlation between the relative spectral effectiveness, S(), blue light hazard 

function B() and emission spectrum of the new HINS-light EDS . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.31. Spectral irradiance for the four HINS-light EDS sources with a total irradiance 
of 0.08 mWcm

-2
. 
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According to the ICNIRP, the total ultraviolet radiant exposure in the wavelength 

region 315 – 400 nm (UV-A) should not exceed 10
4
 Jm

-2
 or 1 Jcm

-2
 and a maximum 

irradiance should be 1 mWcm
-2

 [26, 206]. The following equation has been used to 

calculate the radiant exposure of the HINS light EDS in the UV-A wavelength 

region, 

400

315

0

.

,

.

E

E

















        (9.3) 

where E is spectral irradiance from measurement in mWcm
-2

nm
-1 

(Fig. 9.35) and  

is wavelength intervals (nm). Results of the safety analysis in relation to UV 

interaction with skin and eyes are summarised in Table 9.11. 

As stated in Table 9.10, regarding the UV-A wavelength region ranging from 315 

nm to 400 nm, the new prototype HINS-light EDS source has values at in the range  

2.5 × 10
-4

 mWcm
-2

 to 4.9 × 10
-4

 mWcm
-2

. This is 0.25%  0.49% of the exposure 

limit established by the ICNIRP [26, 206], which indicates that the HINS-light EDS 

at an irradiance level of 0.08 mWcm
-2

 is safe in relation to UV interaction with skin 

and eyes. 

 

9.7.2 Risk assessment 

In the previous section, it has been demonstrated that each individual 405 nm LED 

light engine satisfies the safety requirements in relation to UV radiation, UV-A, Blue 

light and retinal thermal hazards. The study then investigated whether the fully 

constructed new HINS-light EDS, which contains four LED light engines, and when 

installed as a ceiling mounted light source with diffuser and Fresnel lens is safe in 

relation to UV radiation, UV-A, Blue light and retinal thermal hazards.  

The Health Protection Agency (HPA), provides information on exposure limits that 

are appropriate if someone stares into the light sources for 8 hours. According to 

these criteria Table 9.11 shows maximum permissible exposure (MPE) limits for UV, 

UV-A, Blue-light and retinal thermal hazards [207].   
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Table 9.11 Maximum permissible exposure (MPE) for UV radiation, UV-A, Blue-light and retinal thermal hazards (Adapted from [207]) 

 

Limit Wavelength (nm)  The exposure limit Maximum permissible exposure (MPE) Comment 

a 180 - 400 Heff = 30 Jm
-2

 Time = 30 Jm
-2

/Eeff UV,  in seconds If this is > 8 hours, there is no risk 

that the exposure limit will be 

exceeded at distance r 

b 315 - 400 Heff = 10
4
 Jm

-2
 Time = 10

4
 Jm

-2
/Eeff UV-A,  in seconds If this is > 8 hours, there is no risk 

that the exposure limit will be 

exceeded at distance r 

d 300 - 700 LB = 100 Wm
-2

sr
-1

  If the effective radiance, LB, is 

less than the exposure limit, there 

is no risk that the exposure limit 

will be exceeded. This applies to 

all distances, so long as θ remains 

the same 

g 380 - 1400 LR = 280 KWm
-2

sr
-1

 or 

10
4
 cdm

-2
 

 If the effective radiance, LR, is 

less than the exposure limit, there 

is no risk that the exposure limit 

will be exceeded. This applies to 

all distances, so long as θ remains 

the same 
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To assess the risk from the new HINS-light EDS as a single light source for all 

emission directions, irradiance data which radiated from the new HINS-light EDS 

has been measured directly below the light source for distances 30  200 cm is 

shown in Fig. 9.33. 

 

 

 

 

 

 

 

 

Fig. 9.32. Irradiance measured directly below  the new HINS-light EDS source for distances 

30 – 200 cm.  

 

9.7.2.1 UV and UV-A hazards 

Analysis of the safe distance from the HINS-light EDS for unprotected eyes with 

regard to the UV-A hazard is given in Fig. 9.32. Irradiance at any eye level (Eeff) can 

be calculated using the inverse square law method (Eq. (2.6)) as described in Section 

2.3.2.6. 

2

2 2

1
,

1 tan
eff z z

eff

z
E E E

z 

 
   

 
     (9.4) 

where Ez is irradiance measured at  degrees and distance z cm from the HINS-light 

EDS and zeff is the eye level position (cm). The space distance between an eye level 

and the centre line of the HINS-light EDS in horizontal level can be calculated with 

tand z   (Fig. 9.33).  



 

 236 

 

 

 

 

 

 

 

Fig. 9.33. Illustration of safety level according to angular distribution of irradiance from the 

new HINS-light EDS. 

 

To assess the risk from the new HINS-light EDS as a single light source in relation 

to UV radiation (180 – 400 nm) and UV-A radiation (315 – 400 nm), effective 

irradiance (Eeff) has been calculated and evaluated using Eq. 2.26 and Eq. 9.3. 

Irradiance measured directly below the light source for distances 30 – 200 cm and 

the spectral irradiance at a distance of 100 cm are shown Fig 9.32 and Fig. 9.34, 

respectively. Detailed spectral irradiance data for distances 30 – 200 cm are shown in 

Appendix E.  

 

 

 

 

 

 

 

 

 

Fig. 9.34. Spectral irradiance for the new HINS-light EDS source at a distance of 100 cm.  
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Fig. 9.35 and Fig. 9.36 show maximum permissible exposure (MPE) and Eeff for UV 

and UV-A radiation ranges for distance in the range 30 – 200 cm below the HINS-

light EDS source.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.35. UV radiation (180 – 400 nm) assessment for the new HINS-light EDS. Data has 

been measured at a distance of 30 – 200 cm perpendicular into the light source. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.36. UV-A radiation (315 – 400 nm) assessment for the new HINS-light EDS. Data has 

been measured at a distance of 30 – 200 cm perpendicular into the light source. 
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It can be observed from Fig. 9.35 that the MPE for the HINS-light EDS is larger than 

8 hours (Eeff  equals to 0.001 Wm
-2

) for the UV spectral range at a distance range 

from 30 – 200 cm. According to HPA, “If the MPE time is > 8 hours, there is no risk 

that the exposure limit will be exceeded at distance r” [207].  

Fig. 9.36 shows the MPE for the HINS-light EDS for the spectral range UV-A. It can 

be seen that the MPE at distances smaller than < 115 cm is shorter than 8 hours (Eeff  

equals to 0.35 Wm
-2

), but for distance greater than 115 cm the MPE is longer than 8 

hours. According to HPA, “If the MPE time is < 8 hours, it will be necessary to 

demonstrate that actual personal occupancy at r is less than the MPE time. In this 

case, occupancy can exclude any time spent with the face oriented away from the 

source” and “If the MPE time is > 8 hours, there is no risk that the exposure limit 

will be exceeded at distance r” [207]. 

From Fig. 9.34, Fig. 9.35 and Fig. 9.36 the safe distances and maximum permissible 

exposure can be determined. For a quick assessment, of the HINS-light EDS it can 

be assumed that “the luminous intensity in any direction from an element of a 

perfectly diffusing surface varies as the cosine of the angle between that direction 

and the perpendicular to the surface element” [2], therefore the effective irradiance 

(Eeff) can be calculated as follows : 

 
0 cos( )eff effE E         (9.5) 

The maximum permissible exposure (MPE) and Eeff (Wm
-2

) for both Eeff UV and Eeff 

UV-A are presented in Fig. 9.37 and Fig. 9.38, respectively. Dash lines in Fig. 9.37 and  

Fig. 9.38 show the MPE levels at 8 hours (the exposure limit). Using the data shown 

in Fig. 9.37 and Fig. 9.38 safe distances can be determined for the HINS-light EDS 

when it is located on the ceiling.  

 

 

 

 



 

 239 

 

 

 

 

 

 

 

 

 

 

Fig. 9.37. Relationship between angular displacement (degrees) and effective irradiance 

(Eeff )  for UV radiation (180 – 400 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.38. Relationship between angular displacement (degrees) and effective irradiance 

(Eeff) for UV-A radiation (315 – 400 nm). 
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Fig. 9.39 demonstrates safe distances for UV-A radiation if someone stares directly 

into HINS-light EDS. Overall, Fig. 9.37  Fig. 9.39 provide the necessary 

information on safe distances and MPE that can be used for assessment of the new 

HINS-light EDS.  

 

 

 

 

 

 

 

 

Fig. 9.39. Safety guide for UV-A radiation if someone stares into the HINS-light EDS.  

 

9.7.2.2 Blue light and Retinal thermal hazards 

In order to assess the risk from the light source regarding the blue-light hazard, the 

effective radiance (LB) of the HINS-light EDS should be determined. Fig. 9.40 shows 

a photograph of the HINS-light EDS as a four LED light engine ceiling mounted 

light source with diffusers and Fresnel lenses. Each of the four individual light 

sources has a surface area of 3504.64 cm
-2

, therefore the solid angle (Ω) subtended 

by the source at the eye level (at a distance of 200 cm below the HINS-light EDS) is 

0.087616 sr.   

First, the irradiance of the complete HINS-light EDS source (four 405 nm LED light 

engines) was measured at a distance of 200 cm and found to be 0.32 mWcm
-2

. Each 

405 nm LED light engine contributes 0.08 mWcm
-2

 to the total irradiance (Section 

9.7.1.1). The measured spectral radiance is shown in Fig. 9.41. Then, effective 

radiance (LB) can be determined using Eq. (2.23).  
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Fig. 9.40. Photograph of the new HINS-light EDS as a bank of four ceiling mounted light 

sources each with a diffuser and Fresnel lens.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.41. Spectral radiance measured at a distance of 200 cm for the new HINS-light EDS 

as a bank of four ceiling mounted light sources each with a diffuser and Fresnel lens.  

 

The calculated effective radiance (LB) of the complete HINS-light EDS is  

0.26 Wm
-2

/0.87616 sr = 2.97 Wm
-2

sr
-1

 for normal eyes. Using the same method, the 
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effective radiance for eyes with the lens removed (LA) has been calculated to be 

1.16 Wm
-2

/0.087616 sr = 13.24 Wm
-2

sr
-1

.   

According to the HPA, the exposure limit for blue-light hazard is 100 Wm
-2

sr
-1

. 

Therefore, the effective radiance (LB) of the new HINS-light EDS, 2.97 Wm
-2

sr
-1

, is 

less than the exposure limit. The HPA has mentioned that “if the effective radiance, 

LB, is less than the exposure limit, there is no risk that the exposure limit will be 

exceeded. This applies to all distances, so long as θ remains the same” [207]. 

The last hazard which is necessary to assess is the potential for retinal thermal injury. 

It has been shown in Section 9.7.1.1, that the new HINS-light EDS has an 

illuminance of 209 lux. This value was measured at a distance of 200 cm 

perpendicular to the HINS-light source and included all LEDs (405 nm LEDs and 

white LEDs). With solid angle of 0.087616 sr, the luminance of the complete HINS-

light EDS is therefore 209 lux/0.087616 sr = 2385 cd.m
-2

. 

According to the ICNIRP and the HPA, the exposure limit for retinal thermal injury 

is 10
4
 cd.m

-2
 [25, 207]. This mean that the luminance of the new HINS-light EDS is 

less than the exposure limit. The HPA has mentioned that “if the effective radiance, 

LR, is less than the exposure limit, there is no risk that the exposure limit will be 

exceeded. This applies to all distances, so long as θ remains the same” [207]. 

In this section, the complete safety analysis of the new HINS-light EDS has been 

carried out. The results demonstrate that the new HINS-light EDS operated with an 

irradiance level of 0.08 mWcm
-2

 for each individual 405 nm LED light engine 

(giving a total irradiance level of 0.32 mWcm
-2

 and total illuminance of 209 lux)  at 

a distance of 200 cm below the system is safe in relation to UV, UV-A, Blue light 

and retinal thermal hazards. Table 9.12 contains a summary of the risk assessment of 

new HINS-light EDS. Also to provide a comparison of the HINS light EDS with 

normal lighting, the MPE for typical laboratory lighting has been obtained using the 

same method. The results show, as expected, that typical laboratory lighting as 

provided in the ROLEST research facility satisfies the required safety limits in 

relation to UV, UV-A, blue light and retinal thermal hazards [see Appendix F]. 
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Table 9.12 Risk assessment summary of the new HINS-light EDS as a ceiling mounted light source 

The exposure 

limit 
Hazard 

Comparison with 

exposure limit 
Limit Comment 

30 Jm
-2

 photokeratitis 6. 1 × 10
-4

  –  a MPE > 8 hours , z = 30 - 200 cm  

 Photoconjunctivitis, 

cataractogensis,erythema, 

elastosis, skin cancer 

8.3 × 10
-5
 Wm

-2
  If the MPE time is > 8 hours, there is no risk that the exposure 

limit will be exceeded at distance r [207] 

10
4
 Jm

-2
 cataractogenesis 3.47 – 0.06 Wm

-2
 b MPE < 8 hours (z < 115 cm)  

    If the MPE time is < 8 hours, it will be necessary to 

demonstrate that actual personal occupancy at r is less than the 

MPE time. In this case, occupancy can exclude any time spent 

with the face oriented away from the source [207] 

    MPE > 8 hours (z   115 cm) 

    If the MPE time is > 8 hours, there is no risk that the exposure 
limit will be exceeded at distance r [207] 

100 Wm
-2
sr

-1
 photoretinitis LB = 2.97 Wm

-2
sr

-1
 d LB < the exposure limit,  LA < the exposure limit 

  LA = 13.24 Wm
-2

sr
-1

  If the effective radiance, LB/LA, is less than the exposure limit, 

there is no risk that the exposure limit will be exceeded. This 
applies to all distances, so long as θ remains the same  [207] 

10
4
 cdm

-2
 retinal burn 2385 cdm

-2
 g Luminance < the exposure limit 

  

  

The exposure limit is not exceeded  [207] 
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9.8 Conclusions 

The new improved HINS-light EDS has been successfully developed and built. It has 

been demonstrated that the new HINS-light EDS has significant advantages over the 

initial prototype HINS-light EDS (Table 9.2). Safety analysis conducted for the new 

HINS-light EDS has demonstrated that this new system satisfies required safety 

limits. 

According to an evaluation of safety limits for the initial prototype HINS-light EDS 

conducted by Professor Gerry Woosley (internal report), “placed at a height of 

200 cm above the level of operation, and providing an irradiance of 0.33 mWcm
-2

, is 

safe in relation to both thermal and UV interaction with skin and eyes” [184]. The 

initial prototype system was also judge to be safe in relation to blue light hazards. 

Calculation of the safety levels by Prof Woolsey for this system are summarised in 

Table 9.13 [184]. When the calculations of safety factors for the initial prototype and 

the new system are compared (at a distance of 200 cm below the light source), the 

results demonstrate that for the UV-A hazard to unprotected eyes, the new HINS-

light EDS is safer than the initial prototype, with a value of 0.64% of the threshold 

limit value (TLV) (Table 9.12). For the blue light hazard to unprotected eyes, the 

new HINS-light EDS is also safer than the initial prototype, with a value of 2.97 % 

of the TLV (Table 9.12). For both the thermal hazard and the UV hazard to 

unprotected skin and eyes both the initial prototype and new HINS-light EDS have 

been assessed to be safe. 

 

 Table 9.13 The safety factors for different interaction processes for the  initial HINS- light 

EDS as percentages of the TLVs specified by the ACGIH (Adapted from [184]) 

 

Process of interaction  % Threshold Limit Values (TLV) 

Thermal to unprotected skin and eyes Negligible 

UV to unprotected skin Negligible 

UV to unprotected eyes 4 

Blue light to unprotected eyes 23 

 



 

 245 

It has been shown that the HINS-light EDS can be used for the environmental 

decontamination of air and all exposed surfaces without the need for skin and eye 

protection against UV, thermal and blue light hazards. The HINS-light EDS can be 

employed in rooms occupied by workers (as shown in Fig. 9.42) or by patients and 

hospital staff in wards or isolation rooms. 

 

 

 

 

 

 

 

Fig. 9.42. New prototype HINS-light EDS installed in the ROLEST conference room. 

 

The ability to operate the HINS-light EDS in the presence of people is a clear 

advantage over exiting light decontamination system. For example, Nerandzic et al. 

[120] and Rutala et al. [121], utilised UV-C light radiated by the Tru-D™ Rapid 

Room Disinfection device (Lumalier, Memphis, TN) in order to kill pathogens in a 

contaminated hospital room [120, 121]. The decontamination process had to be 

carried out in an empty hospital room with the Tru-D™ system located in the room, 

with all doors closed and the system operated using a wireless remote control [120, 

121].  

The unique features of the new HINS-light EDS opens up many potential 

applications for the continuous disinfection of air and surfaces in hospital wards, 

clinics, the food industry and within public buildings. Further discussion on 

applications of the new HINS-light EDS for bacterial inactivation will be given in 

Chapter 10. 
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CHAPTER 10 

1 0  APPLICATION OF THE NEW PROTOTYPE HINS-

LIGHT ENVIRONMENTAL DECONTAMINATION 

SYSTEM FOR INACTIVATION OF PATHOGENIC 

BACTERIA  

10.1  General 

This chapter investigates the effectiveness of the new prototype HINS-light EDS for 

the inactivation of clinical and foodborne pathogens such as Staphylococcus aureus, 

Escherichia coli and Listeria monocytogenes.   

In Part I, the study investigates the effectiveness of individual 405 nm LED light 

engine components of the HINS-light EDS for inactivation of Staphylococcus aureus 

in liquid suspensions. In Part II, the study focuses on an investigation into the 

effectiveness of the new prototype HINS-light EDS for bacterial inactivation on agar 

surfaces. A comparison of the inactivation efficacy of the new prototype HINS-light 

EDS with the previous HINS-light EDS prototype is also included. 

10.2 Inactivation of Staphylococcus aureus in liquid suspension using individual 

405 nm LED light engines 

10.2.1 Microorganism and Sample preparation  

The microorganism used in the study was Staphylococcus aureus and this was 

cultured and prepared for experimental use, as described in Section 3.2.2. Two ml 

volumes of bacterial suspension with a population density of 10
5
 CFUml

-1
 were used 

in the experiments.  

10.2.2 Experimental Method 

The new prototype HINS-light EDS contains four light engines which emit the 

405nm radiation. These 405 nm light sources were ENFIS Uno Air Cooled Light 

Engines obtained from the ENFIS Ltd, UK [185]. It was considered important to 

investigate the variability of the emission spectra from individual light engines and to 
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determine if this would affect their bactericidal properties. To investigate variability, 

three individual 405 nm LED light engines with slightly different peak wavelength 

were used for comparison. The actual peak wavelength of these light engines were 

400.46, 405.72 and 407.82 nm.  

As in Section 6.2.3, for bacterial exposure to the 405 nm LED light engines, 2 ml 

volumes of bacterial suspension (7 mm depth) were held in one well of a 12-well 

plate with the light engine placed above the sample at a distance of 3 cm. The sample 

was mechanically agitated during light exposure. 

Control samples were set-up using the same procedure but not exposed to the 

405 nm light engines. For all experiments the voltage was set to 11.8 ± 0.1 V with a 

current of 0.30 ± 0.01 A, giving an intensity of 14.5 mWcm
-2

 at the surface of the 

suspension. Bacterial samples were then plated and enumerated as described in 

Section 3.4.2. 

10.2.3 Results 

Fig. 10.1 shows log10 reductions as a function of dose for inactivation of S. aureus in 

liquid suspension with an initial population of approximately 10
5 

CFUml
-1

. Results 

demonstrate that the complete inactivation of S. aureus was achieved after exposure 

to a dose of 208.8 Jcm
-2

 with a 4.96, 4.96 and 5.14-log10 reduction in bacterial 

population for the three light sources with peak wavelengths at 400.46, 405.72 and 

407.82 nm, respectively.  

When the three different 405 nm light engines with peak wavelengths of 400.46, 

405.72 and 407.82 nm are used for inactivation of S. aureus, the results demonstrate 

that the same pattern of log10 reductions in bacterial population were achieved and 

all data points demonstrate no significant difference when the three 405 nm light 

engines of 405 nm LED are compared, except with a dose of 156.6 Jcm
-2

 

(Table 10.1).  
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Fig. 10.1. Log10 (N/N0) reduction as a function of dose for inactivation of 10
5
 CFUml

-1
 

S. aureus suspension using three 405 nm LED light engines with differing peak 

wavelengths. 
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Table 10.1 Statistical significance (*) when log10 reductions are compared with log10 reductions for different peak wavelengths of light engine, p value 

≤ 0.05 calculated at the 95% confidence interval using one-way ANOVA MINITAB Release 16. 

 

Dose (Jcm
-2

) 

p value for comparison of data log10 reductions for different peak wavelengths of 

light engine  

400.46 nm vs 405.72 nm 400.46 nm vs 407.82 nm 405.72 nm vs 407.82 nm 

52.2 0.248 0.247 0.168 

104.4 0.767 0.065 0.127 

156.6 0.003* 0.003* 0.001* 

208.8 1.000 0.053 0.052 
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A summary of log10 reduction and germicidal efficiency for inactivation of S. aureus 

using the three LED light engines with slightly different peak wavelengths are 

presented in Table 10.2, Table 10.3 and Table 10.4. 

 

Table 10.2 Log10 reduction, germicidal efficiency and statistical significance for bacterial 

inactivation of S. aureus using light engine with peak wavelength at 400.46 nm   

Dose N0 N Log10(N/N0)  p value 

(Jcm
-2

) 
  

Reduction (Log10(N/N0)/Jcm
-2

)  

0 5.14 ( ± 0.02) 5.14 ( ± 0.02) 0.00 0.000 - 

52.2 5.11 ( ± 0.04) 4.57 ( ± 0.33)   0.54* 0.010 0.001 

104.4 5.09 ( ± 0.04) 3.38 ( ± 0.60)   1.71* 0.016 0.000 

156.6 5.08 ( ± 0.07) 2.70 ( ± 0.23)   2.38* 0.015 0.000 

208.8 4.96 ( ± 0.07) 0.00 ( ± 0.00)   4.96* 0.024 0.000 

 

 

Table 10.3 Log10 reduction, germicidal efficiency and statistical significance for bacterial 
inactivation of S. aureus using light engine with peak wavelength at 405.72 nm   

Dose N0 N Log10(N/N0)  p value 

(Jcm
-2

) 
 

 Reduction (Log10(N/N0)/Jcm
-2

)  

0 5.14 ( ± 0.02) 5.14 ( ± 0.02) 0.00 0.000 - 

52.2 5.11 ( ± 0.04) 4.32 ( ± 0.35)   0.79* 0.015 0.000 

104.4 5.09 ( ± 0.04) 3.27 ( ± 0.51)   1.82* 0.017 0.000 

156.6 5.08 ( ± 0.07) 1.89 ( ± 0.38)   3.19* 0.020 0.000 

208.8 4.96 ( ± 0.07) 0.00 ( ± 0.00)   4.96* 0.024 0.000 

 

Table 10.4 Log10 reduction, germicidal efficiency and statistical significance for bacterial 

inactivation of S. aureus using light engine with peak wavelength at 407.82 nm   

Dose N0 N Log10(N/N0)  p value 

(Jcm
-2

)   Reduction (Log10(N/N0)/Jcm
-2

)  

0 5.15 ( ± 0.05) 5.15 ( ± 0.05) 0.00 0.000 - 

52.2 5.11 ( ± 0.03) 4.90 ( ± 0.03) 0.21* 0.004 0.007 

104.4 5.06 ( ± 0.05) 4.18 ( ± 0.54) 0.88* 0.008 0.000 

156.6 5.10 ( ± 0.02) 3.32 ( ± 0.38) 1.78* 0.011 0.000 

208.8 5.14 ( ± 0.06) 0.00 ( ± 0.00) 5.14* 0.025 0.000 

N0 is initial population (Log10CFUml-1) 

N is final population (Log10CFUml-1) 

 is  germicidal efficiency 
* Significant bacterial log10 reductions, calculated at a 95% confidence interval (p value ≤ 0.05). 

(Light-exposed sample value was significantly different from control value). 



 

 251 

Overall, this study has demonstrated that a sample selection of three of the 405 nm 

LED light engines used in the design of the new prototype HINS-light EDS are 

effective for inactivation of S. aureus in liquid suspension, and therefore have good 

bactericidal activity. This confirms that these 405 nm LED light engines, although 

somewhat variable in their peak wavelength emission are nevertheless suitable 

components for the HINS-light EDS. 

 

10.3 Bacterial inactivation on surfaces using the new prototype HINS-light 

EDS 

10.3.1 Microorganism, Sample preparation and Enumeration 

The microorganisms used in this part of the study were Staphylococcus aureus, 

Listeria monocytogenes and Escherichia coli. Microorganisms were cultivated for 

18 – 24 h in 100 ml Nutrient Broth at 37 C under rotary conditions (120 rpm).  

Cultures were centrifuged and re-suspended in PBS and then serially diluted in PBS 

to provide the appropriate population densities for experimental use (Section 3.4.1). 

100 l volumes of bacterial suspension with population density of 10
3
 CFUml

-1
 were 

pipetted onto an agar plate (63.59 cm
2
) and spread over the agar surface using a 

sterile L-shaped spreader.  This gave approximately 200 CFUplate
-1

 for S. aureus 

and E. coli, and 100 CFUplate
-1

 for L. monocytogenes. These seeded agar plates 

were then exposed to the HINS-light EDS with the plate lid off. 

After light treatment, all samples were incubated at 37 C for 24 hours before 

manual enumeration (Section 3.4.2).  

10.3.2 Is this new prototype effective for bacterial inactivation? 

10.3.2.1 Experimental method 

For the light treatment using the HINS-light EDS only the 405 nm LED light engines 

were switched on. The white LED components that are incorporated only for visual 

aesthetic effect were left off. To assess bactericidal effectiveness 12 sample agar 

plates were prepared (as in Section 10.3.1) and placed at a distance of 120 cm below 

the light source, as shown in Fig. 10.2. The average irradiance used in the study was 
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0.17 ± 0.03 mWcm
-2

 using 405 nm LEDs only, with exposure times set at 1, 3, 6 and 

9 hours for each independent experiment. Control samples were set-up using the 

same procedure but not exposed to 405 nm light sources but left in normal laboratory 

lighting conditions. In this study, all data were taken a minimum of three times for 

each independent experiment, and the results are documented as mean values with 

standard deviation (SD) being included. 

 

 

 

 

 

 

 

 

 

Fig. 10.2. Experimental setup for inactivation of S. aureus on agar surfaces using the new 

prototype HINS-light EDS.  

 

10.3.2.2 Results 

Results from this study are displayed in Fig. 10.3, and it can be seen that the new 

prototype HINS-light EDS is effective for inactivation of S. aureus on agar surfaces 

with an average of around 62 CFUplate
-1

 surviving after exposure to 3 hours (66.7 % 

kill). When sample plates were light exposed for 6 and 9 hours, an average of 17 and 

19 CFUplate
-1

 (88.5 and 90 % kill) of S. aureus survived, respectively. Comparison 

of the inactivation rate for each individual test sample are summarised in Table 10.5. 

As stated in Table 10.5, all data tests demonstrate significant differences in bacterial 

inactivation (test samples compared with test samples for different times of exposure) 

except when light exposed samples for 6 and 9 hours are compared. The possible 

reason for these results is due to a slow rate of inactivation after exposure time of 6 

hours.  
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Fig. 10.3. Inactivation of S. aureus on agar surfaces using the new prototype HINS-light 

EDS. 

 

Table 10.5 Statistical significance (*) when test samples are compared with test samples for 

different times of exposure, p value ≤ 0.05 calculated at the 95% confidence interval using 

one-way ANOVA MINITAB Release 16 

 

Comparison of data inactivation rates for 

different times of light exposure  
p value 

0 Hour vs 1 Hour 0.002* 

0 Hours vs 3 Hours 0.000* 

0 Hour vs 6 Hours 0.000* 

0 Hour vs 9 Hours 0.000* 

1 Hour vs 3 Hours 0.000* 

1 Hour vs 6 Hours 0.000* 

1 Hour vs 9 Hours 0.000* 

3 Hours vs 6 Hours 0.000* 

3 Hours vs 9 Hours 0.000* 

6 Hours vs 9 Hours 0.178 
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10.3.3 How does inactivation rate vary with irradiance? 

10.3.3.1 Experimental method 

The aim of this study was to determine how the effectiveness of the new prototype 

HINS-light EDS for bacterial inactivation varies with irradiance. This was done for a 

radius of 200 cm measured from centre at a distance of 200 cm below the light 

source. For the light treatment, 21 seeded agar plates were prepared (as in Section 

10.3.1) and placed at a distance of 200 cm below the light source as illustrated in 

Fig. 10.4. Exposure times used in the study were set at 1, 3, 6 and 9 hours for each 

independent experiment. Control samples were set-up using the same procedure but 

not exposed to 405 nm light sources but left in laboratory lighting conditions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.4. Experimental method for investigation of how inactivation of S. aureus on agar 
surfaces varies with irradiance using the new prototype HINS-light EDS. 

 

10.3.3.2 Results 

Fig. 10.5 shows an inactivation curve for light treatment of S. aureus on agar 

surfaces and how inactivation varies with irradiance along a 200 cm distance from 

the centre at a distance of 200 cm below the new prototype HINS-light EDS. 

Irradiance measurement as a function of distance is also shown in Fig. 10.5. The 

results, shown in Fig. 10.5, demonstrate inactivation rates of S. aureus on agar 



 

 255 

surfaces at a distance of 200 cm below the HINS-light source, and 51.6, 82.1 and 

83.7% reductions in bacterial population after 3, 6 and 9 hours exposure were 

achieved, respectively. When the agar plates placed at 200 cm off centre (at a 

distance of 200 cm below the HINS-light EDS) had exposures of 3, 6, and 9 hours, 

approximately 18, 10, and 30% reductions in bacterial population were achieved, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.5. Investigation of how inactivation of S. aureus on agar surfaces varies with 

irradiance using the new prototype HINS-light EDS. 

 

10.3.4 How uniform is the inactivation effect? 

10.3.4.1 Irradiance measurements 

Measurement of irradiance distributions were taken every 20 cm from the centre 

along five directions, as illustrated in Fig. 10.6. Space distance between the new 

prototype HINS-light EDS and illuminated area was set at 200 cm. The data of 

irradiance used in the study is shown in Fig. 10.7, and it can be seen that all data 

show a similar value along each of the 5 directions, indicating that the irradiance 

distribution is uniform along the five directions.  
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Fig. 10.6. Experimental arrangement for irradiance measurements for all five directions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.7. Irradiance as a function of distance for all five directions. 
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10.3.4.2 Experimental method 

For light treatment, 26 sample plates were prepared (as in Section 10.3.1) and placed 

at a distance of 200 cm below the light source along five directions as illustrated in 

Fig. 10.8. Exposure times used in the study were set at 6 hours for each independent 

experiment. Control samples were set-up using the same procedure but not exposed 

to 405 nm light sources and left in laboratory lighting conditions. 

In this study, all data were taken a minimum of three times for each independent 

experiment, and the results are documented as mean values with standard deviation 

(SD) being included. Significant differences in experiments are resulted from data 

analysis one-way ANOVA with 95% confidence interval and p value ≤ 0.05 using 

MINITAB Release 16. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.8. Experimental method for inactivation of S. aureus on agar surfaces to determine 
whether the new prototype HINS-light EDS produces a uniform inactivation effect. 
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10.3.4.3 Results 

Results, shown in Fig. 10.9, demonstrate that similar inactivation rates were 

achieved along all five directions, with around 73% bacterial inactivation at a 

distance of 200 cm directly below the new HINS-light EDS. Table 10.6 contains 

comparison data for test sample plates for each independent experiment at the same 

position (all five directions). Statistical analysis showed that there was no significant 

differences in the inactivation rate for all five directions, except with three tests (line 

A and E at 20 cm, line B and E at 20 cm and line B and C at 40 cm), as stated in 

Table 10.6. Significant differences for the three tests are only less than 5% bacterial 

inactivation (as shown in Fig. 10.9), and, the general trendlines clearly indicate that 

the inactivation rate is uniform along all five directions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.9. Inactivation rate of S. aureus for all five directions below the HINS-light EDS. 
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Table 10.6 Statistical significance (*) when test samples compared with test samples at same 

position for all five directions, p value ≤ 0.05 calculated at the 95% confidence interval using 

one-way ANOVA MINITAB Release 16 

 

Comparative data inactivation 

rates along line 

at 20 cm at 40 cm at 60 cm at 80 cm at 100 cm 

(p value) (p value) (p value) (p value) (p value) 

A vs B 0.635 0.113 0.362 0.627 0.319 

A vs C 0.093 0.713 0.36 0.218 0.069 

A vs D 0.081 0.428 0.168 0.082 0.32 

A vs E 0.001* 0.363 0.147 0.091 0.271 

B vs C 0.186 0.017* 0.696 0.725 0.369 

B vs D 0.133 0.142 0.271 0.569 0.965 

B vs E 0.042* 0.183 0.248 0.558 0.893 

C vs D 0.623 0.389 0.938 0.689 0.425 

C vs E 0.938 0.279 0.511 0.67 0.457 

D vs E 0.585 0.842 0.427 0.917 0.932 

 

 

10.3.5 Inactivation of Escherichia coli and Listeria monocytogenes on agar 

surfaces 

10.3.5.1 Experimental method 

As described in Section 10.3.1, 100 l volumes of bacterial suspension of 

10
3 
CFUml

-1
 were spread onto 63.59 cm

2
 Petri dish plates of Nutrient Agar (NA). 

These samples (with the Petri lid off) were placed underneath the HINS-light EDS at 

a distance of 200 cm below the centre, with plates at 20 cm intervals moving 

outwards from the centre (as in Fig. 10.8). The populations of around 200 CFUplate
-

1 
of E. coli and 100 CFUplate

-1
 of L. monocytogenes were exposed for 3, 6 and 9 

hours. 

Control samples were also set-up; 100 l volumes of bacterial suspension of 

10
3
 CFUml

-1
 were spread onto NA plates and left in laboratory lighting condition. In 

this study, all data were taken a minimum of three times for each independent 

experiment, and the results are documented as mean values with standard deviation 

(SD) being included. 
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10.3.5.2 Results 

Fig. 10.10 and Fig. 10.11 show bacterial inactivation curves for E. coli and  

L. monocytogenes on agar surfaces, and how inactivation varies with distance from 

the centre of the light source. The results of E. coli inactivation, shown in  

Fig. 10.10, demonstrate that at a distance of 200 cm below the HINS-light EDS, 

29.7%, 57.1%, and 61.9% reductions were achieved after 3, 6 and 9 hours exposure, 

respectively. After light exposure to 3, 6 and 9 hours at 100 cm off centre (at a 

distance of 200 cm below the HINS-light EDS), 18.1%, 33.6% and 42.1% reductions 

in bacterial population were achieved, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.10. Inactivation rates of E. coli on agar surfaces using the HINS-light EDS. 

 

When L. monocytogenes was light-exposed for 9 hours, the results show that the 

mean percentage bacterial inactivation was around 77 – 74% reduction in bacterial 

population for plates placed at 20 – 100 cm from the centre below the light source at 

a distance of 200 cm, as shown in Fig. 10.11. 
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Fig. 10.11. Inactivation rates of L. monocytogenes on agar surfaces using the HINS-light 

EDS. 

 

 

 

 

10.3.6 Comparison of the inactivation efficacy of the HINS-light EDS previous 

prototype versus the new developed prototype  

10.3.6.1 Experimental method 

For this experiment, agar plates seeded with S. aureus were exposed to light 

treatment from the previous (initial) HINS-light EDS prototype, with the aim of 

comparing these inactivation kinetics with those achieved using the newly-developed 

prototype.  A description of the initial prototype can be found in Chapter 9, Section 

9.6.  As described in Section 10.3.2.1, 12 sample agar plates were prepared (as in 

Section 10.3.1) and placed at a distance of 156 cm below the HINS-light EDS unit, 

as shown in Fig. 10.12. The average irradiance used in the study was 0.18 ± 0.01 

mWcm
-2

 using the 405 nm LEDs only, with exposure times set at 1, 3, 6 and 9 hours 

for each independent experiment. Control samples were set-up using the same 
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procedure but not exposed to 405 nm light sources but left in normal laboratory 

lighting conditions. In this study, all data were taken in triplicate for each 

independent experiment, and the results are documented as mean values with 

standard deviation (SD) being included. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.12. Experimental setup for inactivation of S. aureus on agar surfaces using the initial  

HINS-light EDS prototype.  

 

10.3.6.2 Results 

The results, shown in Fig. 10.13, demonstrate the inactivation curve for S. aureus on 

agar surfaces using the initial prototype, with 8.0, 9.0, 54.2 and 93.2 % reductions in 

bacterial population after 1, 3, 6, and 9 hours exposure, respectively. 
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Fig. 10.13. Inactivation rates of S. aureus on agar surfaces using both the initial and new 

prototype HINS-light EDS. 

 

 

It can be observed from Fig. 10.13 that statistically significant differences were 

obtained when test samples were compared after 1, 3, and 6 hours exposure for 

inactivation of S. aureus on agar surfaces using both the initial and new prototype 

HINS-light EDS, p value ≤ 0.05 calculated at the 95% confidence interval using one-

way ANOVA MINITAB Release 16. 

Table 10.7 contains a comparison of the inactivation rate for each individual test 

sample using the initial prototype EDS. It can be observed from Table 10.7 that all 

data demonstrate a significant difference in bacterial inactivation (test samples 

compared with test samples for different times of exposure) except when the light 

exposed samples for 1 and 3 hours are compared.  

 

 

 



 

 264 

Table 10.7 Statistical significance (*) when test samples are compared with test samples for 

different times of exposure using the initial EDS prototype, p value ≤ 0.05 calculated at the 

95% confidence interval using one-way ANOVA MINITAB Release 16. 

Comparison of data inactivation rates for 

different times of light exposure to initial EDS 
p value 

0 Hour vs 1 Hour 0.045* 

0 Hours vs 3 Hours 0.047* 

0 Hour vs 6 Hours 0.000* 

0 Hour vs 9 Hours 0.000* 

1 Hour vs 3 Hours 0.771 

1 Hour vs 6 Hours 0.001* 

1 Hour vs 9 Hours 0.000* 

3 Hours vs 6 Hours 0.001* 

3 Hours vs 9 Hours 0.000* 

6 Hours vs 9 Hours 0.000* 

 

 

 

10.4  Discussion and Conclusions 

In Part I, the study has demonstrated the effectiveness of the individual 405 nm LED 

light engine components of the HINS-light EDS for inactivation of Staphylococcus 

aureus in liquid suspensions. When three of the light engines were compared for 

inactivation of S. aureus suspensions, similar the inactivation curves were found for 

each individual light engine although they had slightly different peak wavelengths. 

This result provided reassurance that the new HINS-light prototype units that would 

each contain four different light engines would provide effective bactericidal light 

even though there would be some variability in the emission spectra of the individual 

light engines.  

As shown in Fig. 6.5, S. aureus suspensions can be inactivated by exposure to both 

405 nm filtered light and a 405 nm LED array, with a 4.7 and 4.6-log10 reduction in 

bacterial population, respectively, after light exposure to a dose of 154.1 Jcm
-2

. 

These data can be compared to the inactivation data generated using the three 405 

nm light engines (peaks at 400.46, 405.72 and 407.82 nm), and this comparison is 

shown in Table 10.8.  Germicidal efficiency data demonstrates that the use of 405 
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nm LED array and the 405 nm filtered light for inactivation of S. aureus (in Chapter 

6) had somewhat higher germicidal efficiency when compared to that for the use of 

the three different 405 nm light engines. All three of the 405 nm light engines had 

similar germicidal efficiency, with 0.024 and 0.025 log10(N/N0) per Jcm
-2

, as stated 

in Table 10.8. The possible reason for these differences in results is most probably 

due to the different protocols used in these experiments. Regardless of these 

differences, the results obtained clearly show that the 405 nm light engines can be 

used for bacterial inactivation.   
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Table 10.8 Summary parameters for inactivation of 10
5
 CFUml

-1
 suspensions of S. aureus  following exposure to 405 nm filtered light from Xenon lamp, 

405 nm high-intensity LED array and 405 nm light engines. 

 

 

Light source Peak Wavelength (nm) Dose (Jcm
-2

) Log10 (N/N0) reduction 
Germicidal efficiency  

(Log10 (N/N0)  per Jcm
-2

) 

405 nm filtered light 401.51 154.1 4.71 0.031 

405 nm LED array 400.46 154.1 4.62 0.030 

405 nm light engine 400.46 208.8 4.96 0.024 

405 nm light engine 405.72 208.8 4.96 0.024 

405 nm light engine 407.82 208.8 5.14 0.025 
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In Part II, this study has demonstrated the effectiveness of the new prototype HINS-

light EDS design for inactivation of Staphylococcus aureus, Escherichia coli and 

Listeria monocytogenes on agar surfaces.  

As shown in Fig. 10.3, the new prototype HINS-light EDS is effective for 

inactivation of S. aureus on agar surfaces. The new prototype has been shown to 

provide reductions on agar surface of up to 90% following 9 hours exposure.  These 

data are valuable to compare to inactivation data gained using the initial prototype 

HINS-light EDS, and the results are compared in Fig. 10.14.  

The results, shown in Fig 10.14, demonstrate that the new prototype is more 

effective than the initial prototype when mean percentage bacterial inactivations are 

compared for exposure times 1, 3 and 6 hours. Similar mean percentage bacterial 

inactivation was achieved after 9 hours exposure for both the new prototype and the 

initial prototype HINS-light EDS, with approximately 90% reductions in bacterial 

population.  

 

 

 

 

 

 

 

 

 

 

Fig. 10.14. Inactivation rates of S. aureus on agar surfaces using the new prototype and 

initial prototype HINS-light EDS. 
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When inactivation data for both the new prototype and the initial prototype are 

compared, all data points demonstrate significant differences except when light 

exposed samples for 9 hours are compared.  The inactivation achieved after 9 hours 

exposure is not significantly different between the two units.  This indicates that the 

two systems have a similar efficiency over longer time periods, but the new 

prototype appears to be more efficient over the shorter exposure times.  

As stated in Table 10.8, the use of the 405 nm LED array (the main component of 

the initial prototype HINS-light EDS) for inactivation of S. aureus  suspensions had 

higher germicidal efficiency when compared to that of the three different 405 nm 

light engines (the main component of the new prototype HINS-light EDS). However 

when the light engines are incorporated into the new prototype HINS-light EDS 

units, they appear to achieve similar results. Both the initial and new prototypes 

achieved 90% reduction in bacterial populations after 9 hours exposure. 

The difference in the experimental germicidal efficiency value  results is readily 

explained when the area of the 405 nm LED array (320 mm
2
) as shown in Fig. 6.2a 

and the 405 nm light engine (50 mm
2
) as shown in Fig. 7.2 are compared to the area 

of one well of a 12-well plate (380 mm
2
) as shown in Fig. 6.4. The main reason why 

the 405 nm LED array is more efficient in this experimental set up is due to the fact 

that the whole well can be exposed. Whereas with the 405 light engine is not all 

regions in the well can be irradiated (Fig. 10. 15). This difference does not apply 

with the full scale HINS-light EDS prototypes as these were compared for bacterial 

inactivation of S. aureus on agar surfaces. In these full scale tests it has been 

demonstrated that a similar inactivation rate was achieved after 9 hours exposure. 

This was not surprising since the new prototype HINS-light EDS was designed to 

have an output wavelength emission and irradiance pattern similar to the initial 

prototype.  
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Fig. 10.15.  Comparison of the use of the 405 nm LED array and 405 nm light engine for 

bacterial-suspension exposure. 

 

The results from Fig. 10.5, Fig. 10.9, Fig. 10.10, and Fig. 10.11 demonstrate 

bacterial inactivation on agar surfaces using the new prototype HINS-light EDS, and 

can be summarized as follows: 

 The new prototype HINS-light EDS is effective for bacterial inactivation and 

that the extent of inactivation varies with irradiance. 

 The new prototype HINS-light EDS produces a uniform level of irradiation 

(Fig. 10.7) and bacterial inactivation along all directions below the source. 

 Bacterial inactivation data using this new prototype HINS-light EDS showed 

that reductions of 83.7% for S. aureus, 61.9% for E. coli and 83.7% for 

L. monocytogenes were achieved after 9 hours exposure at a distance of 200 

cm below the system. 

 

As described in Section 8.7.1, the HINS-light EDS is a ceiling-mounted High 

Intensity Narrow Spectrum (HINS) light source and it incorporates 405 nm and 

white light-emitting diodes (LEDs) covered by a Fresnel lens and a diffuser.  

Current work in the ROLEST laboratory has demonstrated that light of 405 nm 

wavelength can be used to inactivate pathogenic bacteria in the air and on surfaces 

[116-118], without the use of exogenous photosensitiser molecules, and that a 

ceiling-mounted source of light at this wavelength can be used to substantially 

reduce the bacterial levels in a clinical environment [1]. 
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A study by Maclean et al., which employed a continuous xenon broadband white-

light source in combination with bandpass filters (10 nm Full-width Half-Maximum) 

ranging from 400 – 420 nm for inactivation of S. aureus in liquid suspension, 

reported that 405 (± 5) nm was the most effective wavelength for inactivation of S. 

aureus [116].   

Maclean et al. utilised the initial prototype HINS-light EDS for bacterial inactivation 

on environmental surfaces, where the system had been installed in a hospital 

isolation room (Glasgow Royal Infirmary, Scotland, UK) used to treat burns patients. 

They reported that around 90% and in the range 58 to 86% reductions of surface 

bacterial levels were achieved when the room was unoccupied and when the room 

was occupied by an MRSA-infected burns patient, respectively[1]. 

Using an alternative technology a study by Nerandzic et al. [120] and Rutala et al. 

[121] employed UV-C radiation (with peak wavelength at 254 nm) as a light based 

technology for room decontamination. This system demonstrated it’s effectiveness to 

reduce clinically important nosocomial pathogens in a contaminated hospital room. 

Another study by Boyce et al. utilised Hydrogen Peroxide Vapor (HPV) to eliminate 

Clostridium difficile as a source of environmental contamination [122]. These and 

similar studies reported that these systems could only be used in areas that are 

unoccupied and sealed for the period of the disinfection process. However the HINS-

light EDS, which utilises visible light wavelengths is harmless to patients and staff 

when applied as a room decontamination system.   

Overall, the findings of the present study confirm that the new prototype HINS-light 

EDs has an output wavelength emission and irradiance pattern similar to the initial 

prototype and can be effectively used for environmental decontamination. Morover 

the new prototype incorporates substantial improvements in operational and 

functional design. 
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CHAPTER 11 

1 1  GENERAL CONCLUSIONS AND 

RECOMMENDATIONS FOR FUTURE WORK 

11.1 General 

This study has demonstrated the use of light based technologies for microbial 

inactivation. Two main aspects that have been investigated during this study are the 

microbiological effects of the light technologies investigated and the engineering 

systems used for the light-based microbial inactivation. Regarding the microbiology 

aspects, pulsed ultra violet (PUV) light for microbial inactivation was investigated 

using both broadband spectrum light and 260 (± 10) nm light pulses. The study then 

utilised the use of visible-light wavelengths for microbial inactivation. These  

experiments were carried out using a continuous xenon white-light source in 

conjunction with a range of short-wave pass (SWP), long-wave pass (LWP) and 

band pass (BP) filters. Investigations were then carried out into the bactericidal 

effects of 405 nm filtered light generated from a 150W continuous xenon broadband 

white-light source in conjunction with a 405 (± 5) nm optical filter and 405 nm high 

intensity narrow spectrum (HINS) light generated from light-emitting diodes (LEDs). 

For the engineering aspects, the study has investigated the use of Lambert’s cosine law 

for determining irradiance distributions for both angular and linear distribution. 

Modelling optimisation of the High-Intensity Narrow-Spectrum light Environmental 

Decontamination System (HINS-light EDS) has been examined including design and 

development of an improved, fully-integrated and controllable HINS-light EDS unit. 

A mathematical model has been developed to enable simulations of the light intensity 

distribution. Studies of thermal management options, safety calculations and risk 

assessment of optical radiation and studies of bacterial inactivation using the new 

prototype HINS-light EDS are also investigated. 
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11.2 Conclusions 

11.2.1 Investigation into the use of Pulsed UV-light for microbial inactivation 

The ultraviolet light source used in the study was a low-pressure (450 torr) xenon-

filled flashlamp (Heraeus Noblelight XAP series, Germany), constructed from a clear 

fused quartz tube filled with xenon. This light source produced a broadband light 

spectrum with high ultraviolet emission. Ultraviolet light, which is a non-thermal high-

peak power technology, is capable of achieving rapid inactivation of microorganisms. 

The rapid inactivation effect of broadband spectrum PUV-light was demonstrated in 

this study for Staphylococcus epidermidis and Saccharomyces cerevisiae, with 7-log10 

and 5-log10 reductions in microbial population being achieved after exposure to 10 

pulses, respectively. Moreover, the performance of sample agitation proved to 

significantly improve treatment efficacy when exposing densely populated suspensions. 

When the log10 reductions of Staphylococcus aureus suspension exposed to pulsed 

UV-light treatment using both broadband spectrum and 260 (± 10) nm light pulses are 

compared, the results show that ten times the number of pulses of 260 nm light were 

required to achieve the equivalent 5-log10 reduction achieved with broadband light 

pulses. The main reason was due to the much greater total energy received by the 

bacterial suspension from the broadband source even though the wavelength of 260 

nm is highly germicidal against microorganisms [159, 160, 208]. 

 

11.2.2 Investigation into the visible light wavelength sensitivity of pathogenic 

bacteria  

The wavelength sensitivity of Listeria monocytogenes was investigated with a 150W 

continuous xenon broadband white-light source (Lightningcure LC5, Hamamatsu 

Photonics UK, Ltd), in conjunction with short-wave pass (SWP) and long-wave pass 

(LWP) filters (>400 nm, >450 nm, <500 nm and 400-450 nm). The most rapid 

inactivation rate was found upon exposure to wavelengths of 500 nm and less. The 

result is readily explained as when the L. monocytogenes suspension was exposed to 

<500 nm light, that included both visible light wavelengths (400-500nm) and UV light 

wavelengths (<400nm), to which much of its bactericidal action could be accredited. 

Within the visible-wavelength regions tested, L. monocytogenes was most susceptible 
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to light of wavelength 400-500 nm, with an approximately 50% faster inactivation rate 

than that found when exposed to wavelengths of 400 nm and above. Upon exposure to 

450 nm and above, results demonstrated a much less notable effect on the bacterium 

L. monocytogenes, with only an approximate ~0.1-log10 reduction in bacteria cell 

population being achieved. This confirmed that the visible wavelengths inducing 

inactivation of L. monocytogenes were within the visible wavelength region in the 

range between 400 nm and 450 nm.  

The causative bandwidth inducing inactivation of L. monocytogenes, S. aureus and 

meticillin-resistant Staphylococcus aureus (MRSA) was investigated using a 

continuous xenon broadband white-light source (Lightningcure LC5, Hamamatsu 

Photonics UK, Ltd), in conjunction with bandpass filters ranging from 400 nm to 

450 nm at bandwidths of 10 nm (Full width half maximum, FWHM). Significant log10 

reductions in bacterial population were achieved through exposure to 400 – 440 nm 

bandwidths for L. monocytogenes, and wavelength in the range 400 – 430 nm for 

S. aureus and MRSA, with the peak log10 reduction for all three bacteria resulting 

from exposure to 405 (± 5) nm.  

11.2.3 Investigation into the use of 405 nm HINS-light for bacterial inactivation 

Following identification of 405 (± 5) nm as the most bactericidal wavelength using 

405 nm filtered light  from the continuous  white-light source  in conjunction with a 

405 (± 5) nm filter, the study then investigated the use of high-intensity 405 nm light, 

generated from light-emitting diodes (LEDs).  This 405nm LED light source was in 

the form of a close-packed rectangular array with 99 individual LEDs in an 11 by 9 

matrix (0D-405-99-070, OptoDiode Corp, USA), with a power output and radiation 

beam angle of 1.3 W and 70, respectively. Results demonstrated that when the 

inactivation kinetics of S. aureus, S. epidermidis, L. monocytogenes and MRSA were 

compared using the 405 nm LED array and using the 405 nm filtered light, similar 

results were found for each strain of bacteria, indicating that the applied dose of 405 

nm light was the important factor, not the light source. 

The study then has investigated the use of the 405 nm light from the LED array for 

inactivation of various foodborne pathogens, such as Listeria monocytogenes and the 

significant Gram-negative food-borne pathogens Salmonella enteritidis, Shigella 
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sonnei and Escherichia coli 0157:H7. Inactivation of three species of Listeria 

(Listeria monocytogenes, Listeria ivanovii and Listeria seeligeri) was also 

investigated. When L. monocytogenes was exposed to the 405 nm LED array, results 

demonstrated that the 405 nm LED array could be used for inactivation of 

L. monocytogenes in liquid suspension without relying on the addition of exogenous 

chemicals. 

Exposure of other Listeria species and the foodborne pathogens Escherichia coli, 

Salmonella enteritidis and Shigella sonnei to the 405 nm light from the LED array 

also demonstrated significant bacterial inactivation. Treatment of L. monocytogenes 

and the other Listeria species using the 405 nm LED array resulted in similar 

inactivation kinetics, suggesting that bacteria within the same Genus may undergo 

very similar inactivation reactions. When compared to the other foodborne 

pathogens, Listeria had higher susceptibility to inactivation through 405 nm light 

exposure. 

In order to investigate the dependence of the applied dose on the inactivation of 

suspensions of L. monocytogenes, FOUR different doses for inactivation were 

investigated (61.6, 92.5, 123.3 and 154.1 Jcm
-2

), and for each of these doses four 

irradiance levels were utilized (8.6, 44.7, 66.1 and 85.6 mWcm
-2

). When 

L. monocytogenes is exposed to 405 nm light using four different irradiances and 

doses the results show that similar patterns of inactivation kinetics were achieved. 

The results indicate that inactivation of L. monocytogenes in liquid suspension using 

the 405 nm LED array is a dose-dependent reaction. Overall, the results show that the 

dose required for bacterial inactivation - regardless of how it is applied - yields similar 

final populations.  

11.2.4 Investigation into irradiance distribution of light from an LED light 

engine 

The irradiance pattern both for linear and angular distribution have been studied and 

mathematical model (Eq. (2.18)), which allows for analysis of the light distribution for 

single LED light source has been successfully developed.  
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A mathematical model (Eq. (2.18)) was developed to enable simulations of the light 

intensity distribution, with results proving that the intensity distribution of the system 

is in good agreement with experimental data. When the differences between the 

mathematical model and the experimental data are compared, it resulted in normalised 

cross correlation (NCC) greater than 99% and the root mean square (RMS) error less 

than 5%. This confirms that the similarity and the accuracy between the mathematical 

model and the experimental data were achieved.  

The study has demonstrated influence of Fresnel lens and diffuser regard to the 

Lambertian mode number (m). The results show that the addition of lens system both 

the Fresnel lens with the 2.54 cm focal length and the Fresnel lens with the 4 cm 

focal length caused a pattern of irradiance distribution much narrow than the 

Lambertian pattern system without lens system.  

The key results in the study has demonstrated that the space distance between the LED 

source and the Fresnel lens and diffuser (u) can influence to the irradiance distribution 

pattern from the LED source and the peak irradiance, E0 (mWcm
-2

) regard to the focal 

length of Fresnel lens.  

11.2.5 Optimisation of the HINS-light Environmental Decontamination System 

A new prototype for the High-Intensity Narrow-Spectrum light Environmental 

Decontamination System (HINS-light EDS) has been developed and its light 

distribution has been studied. The four main factors which had to be investigated for 

the design and development of the new HINS-light EDS were follows: 

1. The configuration of the Fresnel lens and the diffuser  

2. The Lambertian mode number (m)  

3. The space distance between the LED light engines and the lens system 

(Fresnel lens and diffuser)  

4. The optimum LED-to-LED array spacing. 
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The significant area of this study was the development mathematical model for a 

square LED array topology (Eq. (8.11)), which allows to predict and estimate light 

distribution from the new prototype HINS-light EDS.  

To optimise emission pattern of new prototype HINS-light EDS (4 light source), the 

four main steps which had to be done were follows:  

1. The model was used application of the generalized Lambert’s cosine law at 

any point on the horizontal surface as a function of (x, y) (Eq. (2.18)) 

2. Maximum irradiance E0 and the Lambertian mode number (m) have been 

obtained from experiment. 

3. Advanced model for multiple light sources based on superposition method 

has been developed (Eq. (8.11)). 

4. E0 and m parameters have been used in advanced analytical model in order to 

obtain light distribution from multiple (4) light sources. 

Results demonstrated that the model is in good agreement with experimental data 

with the normalised cross correlation (NCC) greater than 99% and the root mean 

square (RMS) error less than 5%. 

Due to improvement in the thermal management, the new prototype HINS-light EDS 

is much lighter and easier to retrofit into hospital ceilings. The heat sink can be used to 

control the heat produced by the white LEDs, results demonstrate that for the typical 

operation time (10 hours/day) of the HINS-light EDS in the hospital environment, the 

heat sink will not generate detrimental effects on the HINS-light EDS system. 

11.2.6 Design of the HINS-light Environmental Decontamination System 

A new improved HINS-light EDS prototype has been successfully developed and built 

which has significant advantages over the initial prototype: 

1. Compact 

2. Light-weight  

3. Fully-integrated  
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4. Good thermal management   

5. Improved colour blending  

6. Controllability through USB and software. 

The active component of the new prototype HINS-light EDS is made up of 405 nm 

LED light engines and white light-emitting diodes covered by a Fresnel lens and 

diffuser. The position of the Fresnel lens and diffuser below the LED sources allows a 

wide and more uniform distribution of light over the illuminated area. The new 

prototype HINS-light EDS uses four individual 405 nm LED light engines. To ensure 

that the system does not generate dominant violet illumination and produces normal 

room lighting, 12 high power white-light LEDs were incorporated into the design of 

the new prototype HINS-light EDS 

Analytical study of safety calculations has been evaluated and calculated. The results 

confirm that the HINS-light EDS, at the irradiance level of 0.08 mWcm
-2

 for each 

individual 405 nm LED light engine, and a total irradiance level of 0.32 mWcm
-2

 (and 

total illuminance of 209 lux) at a distance of 200 cm below the system, is safe in 

relation to UV and thermal interaction with unprotected skin and eyes and blue light 

retinal hazard. All four LED light engines had a value of blue light radiance (LB) less 

than 10 mWcm
-2

sr
-1

 both for normal healthy eyes and eyes with the normal lens 

removed, with %TLV (Threshold Limit Values) in the range 4 – 8% for normal 

healthy eyes and ranging from 32 to 36% for eyes with the normal lens removed, 

respectively. The maximum exposure time in direct viewing at a perpendicular 

distance from the source of 200 cm for all four LEDs resulted in a value in the range 

34 – 57 hours for normal healthy eyes and 7.8 – 8.6 hours for eyes with the normal 

lens removed. In the UV-A wavelength region ranging from 315 nm to 400 nm, the 

new prototype HINS-light EDS source has a value in the range 2.5 × 10
-4

 mWcm
-2

 to 

4.9 × 10
-4

 mWcm
-2

. Approximately between 0.25% and 0.5% of the exposure limit as 

established by the International Commission on Non-ionizing Radiation Protection 

(ICNIRP). 

Risk assessment of the new HINS-light EDS as a ceiling mounted light source with 

diffuser and Fresnel lens shows that for UV radiation, when someone stares into the 
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light source at a distance of 30 to 200 cm, this represents as safe level position with 

maximum permissible exposure (MPE) > 8 hours. For UV-A radiation, more 

consideration is required as when the face is oriented directly towards the source at a 

distance of less than 115 cm the MPE is less than 8 hours. According to HPA, “If the 

MPE time is < 8 hours, it will be necessary to demonstrate that actual personal 

occupancy at r is less than the MPE time. In this case, occupancy can exclude any 

time spent with the face oriented away from the source” and “If the MPE time is > 8 

hours, there is no risk that the exposure limit will be exceeded at distance r” [207]. 

For both blue light and retinal thermal hazard, the new HINS-light EDS has a value 

(2.97 Wm
-2

sr
-1

 and 2385 cd.m
-2

) less than the maximum exposure limit of  

100 Wm
-2

sr
-1

 for blue light hazards and 10
4
 cd.m

-2
 for retinal thermal hazards, 

respectively. These results give guarantee that HINS-light EDS is safe in relation to 

blue light and retinal thermal hazards at a distance of 30 – 200 cm underneath the light 

source. This safety data helps to determine the best position of the lights in a 

room/ward.  As with normal room lighting, HINS-light EDS would never be 

positioned directly above a patient or a worker and therefore people would never be 

<115cm directly below the source. Consequently although UV-A safety is the most 

important consideration, people would never realistically be exposed to hazardous 

levels of this. The overall conclusion from these safety consideration is that the HINS-

light EDS prototype is harmless to patient and staff when applied as room 

decontamination system [1]. 

11.2.7 Application of the new prototype HINS-light Environmental 

Decontamination System for inactivation of pathogenic bacteria 

The new prototype system has good bactericidal efficacy, and inactivation studies 

show that decontamination occurred faster with the new prototype system. 

Bacterial inactivation data using this new prototype HINS-light EDS has been shown 

to provide reductions in bacteria on agar surfaces of up to 73% reduction for 

Staphylococcus aureus, 57% reduction for Escherichia coli and 55% reduction for 

Listeria monocytogenes, with these achieved after 6 hours exposure at a distance of 

200 cm below the system. The results demonstrate that the improved prototype system 

is effective for inactivation of pathogenic bacteria in exposed environments. 
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Finally, potential applications of the HINS-light EDS technology could be for 

disinfection of air and surfaces in areas such as hospital wards (as already 

demonstrated [1]), clinics, food industry, and public buildings. 

11.3 Future work  

11.3.1 Microbiological aspects 

11.3.1.1 Pulsed ultraviolet (PUV)-light for microbial inactivation 

This study focused only on the effectiveness of PUV-light treatment for the 

inactivation of the yeast Saccharomyces cerevisiae and the bacterium Staphylococcus 

epidermidis in liquid suspension. Investigation into the effects of PUV-light on 

bacteria associated with healthcare associated infections (HAIs) and foodborne and/or 

waterborne pathogens are needed in further work.  

PUV exposure was performed using a broadband xenon flashlamp, and complete 

inactivation of 10
7
 CFUml

-1
 S. epidermidis was achieved within 10 pulses, and 10

7
 

CFUml
-1

 and 10
5
 CFUml

-1
 populations of S. cerevisiae showed complete inactivation 

within 75 and 10 pulses, respectively.  In addition, the performance of sample agitation 

proved to significantly increase treatment efficacy when exposing densely populated 

suspensions. Further work into the development of PUV systems which incorporate 

methods of mechanical agitation could greatly improve the efficacy of PUV-light for 

industrial disinfection and sterilization applications. 

11.3.1.2 Mechanism of HINS-light inactivation 

The current study has examined the effectiveness of 405 nm HINS-light inactivation 

of microorganisms in liquid suspension. An important addition to further work would 

be the investigation into the effects of 405 nm HINS-light for inactivation of 

microorganisms on both material surfaces and in air samples.  

As described in Chapter 5, the 405 (± 5) nm wavelength is an effective wavelength 

for photodynamic inactivation without the use of exogenous photosensitizers and this 

visible-light inactivation through exposure to 400 – 420 nm is thought to be the result 

of the photo-stimulation of intracellular porphyrins, thereby producing singlet 

oxygen (
1
O2) which reacts with intracellular components, and causes, bacterial cell 

death.  It would be interesting to expand the study to determine the type and levels of 
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porphyrins involved in the 405 nm HINS-light inactivation mechanism. A study by 

Ashkenazi et al. successfully determined and quantified endogenous porphyrins 

produced in Propionibacterium acnes after illumination with intense blue light at 407 

– 420 nm. They found the types of porphyrin produced by P. acnes are 

coproporphyrin and -aminolevulinic acid (ALA) through analysis using high-

performance liquid chromatography (HPLC) [111].  

As stated in the experimental method for the 405 nm HINS-light inactivation, 2 ml 

volumes of bacterial suspension were held in one well of a 12-well plate which 

contained a small magnetic follower, which when positioned on a magnetic stirrer, 

permitted continuous agitation of the sample when being exposed to different 

durations of light. Further investigation will be important to determine possible 

effects of the 405 nm HINS-light inactivation on bacterial suspensions without using 

both magnetic follower and magnetic stirrer to eliminate the agitation effect.  

11.3.2 Engineering aspects 

11.3.2.1 Optimisation of HINS-light EDS 

As discussed in Chapter 8 and 9, for modelling the irradiance distribution pattern, only 

the irradiances on the illuminated area parallel to the light source were measured. 

Results showed similarity and accuracy between the mathematical model and the 

experimental data when both of them are compared. According to Moreno et al. that 

“the perceived homogeneity depends on several factors, including distance of the 

observer from the target field, incidence angle of illuminating beam, background 

luminance, target reflectance, target pattern, and target colour” [18]. Further work 

should be carried out to investigate and analyse global illumination. A local 

illumination method has been defined as “method which calculates and analyses the 

light energy transfer from direct lighting while global illumination methods take into 

account the light energy transfer to all surfaces in an environment (direct and indirect 

lighting)” [209]. Irradiance distribution for all directions can be calculated with the 

irradiance volume, it refers to volumetric approximation of the irradiance distribution 

at every point in space [209].   
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The present work has successfully developed and designed this new prototype HINS-

light EDS which has proved effective for inactivation of a range of significant 

bacterial species (Staphylococcus aureus, Escherichia coli and Listeria monocytogenes) 

on agar surfaces. Results have demonstrated the effectiveness of the new prototype 

HINS-light EDS to eliminate both Gram-negative and Gram-positive bacteria on test 

agar surfaces. The new prototype HINS-light EDS system has been shown to provide 

reductions in surface levels of pathogenic bacteria of up to 73%, following 6 hours 

exposure at a distance of 200 cm below the system source. Further work should be 

carried out to investigate the effectiveness of the new prototype HINS-light EDS for 

inactivation of bacteria associated with healthcare associated infections (HAIs) and 

foodborne pathogens on both inanimate surfaces and air.  Generation of this data 

would support implementation of the new prototype HINS-light EDS for disinfection  

of air and surfaces in areas such as hospital wards, clinics, the food industry and public 

buildings.  

11.3.2.2 New model and configuration for future HINS-light EDS 

Potential ideas for future alternative designs/configurations of the HINS-light are 

displayed in Fig. 11.1, and Fig. 11.2. Future development could potentially see the 

HINS-light EDS not only being used to kill pathogenic bacteria in the room 

environment, but also used for lighting in general applications. People may feel 

comfortable to receive HINS-light EDS as a room lighting in the home and public 

building, whilst providing a level of background decontamination. 

 

 

 

 

 

(a)                                                                   (b) 

Fig. 11.1. New design for HINS-light EDS, a) model 1 and b) model II . 
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Fig. 11.2. New design for HINS-light EDS III. 
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A P P E N D I C E S   

A p p e n d i x  A  

A. Irradiance values for microbial inactivation were taken directly under the 

Xenon flashlamp at fixed distance of 8 cm 

 

No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

1 3.5 41 8.8 

2 1.8 42 1 

3 9.7 43 5.3 

4 8.8 44 8.9 

5 2.2 45 1.7 

6 9.1 46 2.7 

7 3.3 47 7 

8 5.8 48 8.2 

9 4.2 49 9.8 

10 9.7 50 2.6 

11 6.6 51 9.8 

12 9.4 52 1.3 

13 4.6 53 9.6 

14 4.9 54 9.1 

15 1.9 55 6.9 

16 6.3 56 8.9 

17 7.1 57 9.4 

18 8.2 58 9.8 

19 9.8 59 9.4 

20 8.9 60 9.5 

21 2.1 61 3.4 

22 3.5 62 8 

23 1 63 1.6 

24 7 64 9.9 

25 1.9 65 9.3 

26 8.7 66 8.7 

27 7.8 67 4.7 

28 9.2 68 9.8 

29 8.7 69 5.2 

30 8.7 70 1.6 

31 9.6 71 7.6 

32 8.6 72 1.4 

33 6.2 73 9.8 

34 6.1 74 6.8 

35 6.4 75 9.9 

36 6.1 76 4.3 

37 7.3 77 2 

38 2.6 78 3.2 

39 1 79 1.5 

40 6.5 80 9.4 
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No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

81 5.3 121 3.5 

82 2.9 122 1.8 

83 5 123 9.7 

84 5.2 124 8.8 

85 4.2 125 2.2 

86 8 126 9.1 

87 7 127 3.3 

88 9.8 128 5.8 

89 7.8 129 4.2 

90 1.1 130 9.7 

91 9.7 131 6.6 

92 1.1 132 9.4 

93 9.7 133 4.6 

94 8.1 134 4.9 

95 8.7 135 1.9 

96 6 136 6.3 

97 7.5 137 7.1 

98 9.6 138 8.2 

99 8.4 139 9.8 

100 9.8 140 8.9 

101 9.7 141 2.1 

102 1.5 142 3.5 

103 9.6 143 1 

104 1.1 144 7 

105 4 145 1.9 

106 9.1 146 8.7 

107 9.7 147 7.8 

108 9.1 148 9.2 

109 6.8 149 8.7 

110 9.7 150 8.7 

111 1.3 151 9.6 

112 9.7 152 8.6 

113 2.7 153 6.2 

114 8.7 154 6.1 

115 1.1 155 6.4 

116 7.6 156 6.1 

117 6.5 157 7.3 

118 8.9 158 2.6 

119 9.5 159 1 

120 7.7 160 6.5 
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No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

No. of 

Pulses 

Irradiance 

(mWcm
-2

) 

161 8.8 181 3.4 

162 1 182 8 

163 5.3 183 1.6 

164 8.9 184 9.9 

165 1.7 185 9.3 

166 2.7 186 8.7 

167 7 187 4.7 

168 8.2 188 9.8 

169 9.8 189 5.2 

170 2.6 190 1.6 

171 9.8 191 7.6 

172 1.3 192 1.4 

173 9.6 193 9.8 

174 9.1 194 6.8 

175 6.9 195 9.9 

176 8.9 196 4.3 

177 9.4 197 1 

178 9.8 198 3.2 

179 9.4 199 1.5 

180 9.5 200 9.4 

 

 

Values in Appendix 1 were taken three times for each independent experiment using 

radiant Power Meter (Model 70260, L.O.T.-Oreiel Ltd.) to ensure accurate 

measurements. Total irradiance = 6.4 mWcm
-2

 per pulse (1280.8 mWcm
-2

/200 

pulses).   

 

 

 

 

 

 

 



 

 303 

A p p e n d i x  B  

B. Emission spectrum of bandpass filters used in the study 
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A p p e n d i x  C  

C. ENFIS UNO Air Cooled Light Engine 
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A p p e n d i x  D  

D. Determination of the optimum LED-to-LED array spacing 

Square LED array 

The irradiance at O in Fig. 1 is given by the sum of the irradiance from the LED1, 

LED2, LED3, and LED4 with an equal sides has length d where LEDs is placed in 

each corner, 

 

1 1 1 2 2 2 3 3 3 4 4 4( , , ) ( , , ) ( , , ) ( , , ) ( , , ),OE x y h E x y h E x y h E x y h E x y h      (1) 

 

With, 

   
1

1

(3 )
2 2(3 ) 2 2

1 1 1 01 1 1 1 1( , , ) ( , , ) / 2 / 2 ,

m

mE x y h h E x y h h x d y d




      
 

  (2) 

   
2

2

(3 )
2 2(3 ) 2 2

2 2 2 02 2 2 2 2( , , ) ( , , ) / 2 / 2 ,

m

mE x y h h E x y h h x d y d




      
 

  (3) 

   
3

3

(3 )

2 2(3 ) 2 2

3 3 3 03 3 3 3 3( , , ) ( , , ) / 2 / 2 ,

m

m
E x y h h E x y h h x d y d




      
 

   (4) 

   
4

4

(3 )
2 2(3 ) 2 2

4 4 4 04 4 4 4 4( , , ) ( , , ) / 2 / 2 ,

m

mE x y h h E x y h h x d y d




      
 

  (5) 

    

 

Let assume,  

1. 01 1 1 02 2 2 03 3 3 04 4 4 0( , , ) ( , , ) ( , , ) ( , , ) ( , , ).E x y h E x y h E x y h E x y h E x y h      

2. m = m1 = m2 = m3 = m4 

 

From Eq. (1) to Eq. (6), can be expressed as follows: 

 

 

(3 )
2 2

2 2
(3 )

0 2 2
1 1

(3 2 )( / 2)
( , , ) ( , , ) .

(3 2 )( / 2)
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O

i j

x i d
E x y h h E x y h

y i d h
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Fig. 1. Square LED array topology. 

 

 

Based on Sparrow’s criterion used in image resolution, which is given by a 

maximally flat condition [18]. A space distance d can be adjusted to eliminate the 

minimum between the maxima from irradiance pattern of two LEDs array. To 

achieve uniform irradiance pattern from two - LEDs array, the implicit second-order 

term (inverse square law) of Eq. (6) vanishes. Differentiating E twice and setting 

0
2

2






x

E
at x = 0 and y = 0, the maximally flat condition for d can be calculated as 

follows: 

 
2

3

h
d

m



         (7) 
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Table 1 The NCC, RMS error and the Lambertian mode number (m) and total power (W) for 

this study (Data from Table 8.5) 

 

u (cm) 
Irradiance (Wm

-2
) at 

centre (E0) 
m  NCC (%) RMS (%) 

Total Power 

(W) 

2.5 1.06 3.58 99.50 4.61 1.45 

4 1.92 7.06 99.44 4.61 1.50 

5 2.56 10.09 99.69 3.26 1.45 

6 3.39 14.50 99.81 2.19 1.37 

7 4.72 21.88 99.92 1.15 1.30 

7.5 5.25 25.78 99.81 1.89 1.23 

8 5.76 31.02 99.96 0.76 1.13 

9 6.9 43.62 99.96 0.90 0.97 

10 7.45 52.71 99.86 1.59 0.87 

 

 

Data: m = 7.06, u = 4 cm and E0 (x, y, h) = 1.92 Wm
-2 

 

d = h*0.6142951168 

The maximally flat condition for d:  

 h = 1 m→ d = 0.6142951168 m 

 h = 1.5 m→ d = 0.9214426753 m 

 h = 2 m → d = 1.228590234 m 

 

Practical design: 

d = 30 cm  Why? 

(a) Dimension of ceiling (tile)  59.2 cm x 59.2 cm(square LED array) 

(b) Dimension of Fresnell lens  20 cm  

(c) Compact design due to ensure that the system did not generate dominant 

violet illumination but would also produce comfortable room lighting, 12 

high power white-light LEDs with typical light output of 3 W for each white 
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LED, with 90 viewing angle and a warm-white emitting colour were used in 

the design of the new HINS-light EDS. 

(d) Due to point (a) and (b), the optimum LED-to-LED array spacing should be 

20 cm < d < 35 cm 

 

Analysis of light distribution pattern for a square LED array topology, using Eq. (6), 

with m = 7.06 and E0 (x, y, h) = 1.92 Wm
-2

 

 

 

u = 4 cm, z = 200 cm, d = 10 cm 

 

 

 

 

 

 

 

 

 

u = 4 cm, z = 200 cm, d = 20 cm 
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u = 4 cm, z = 200 cm, d = 30 cm 

 

 

 

 

 

 

 

 

 

u = 4 cm, z = 200 cm, d = 40 cm 

 

 

 

 

 

 

 

 

 

 

u = 4 cm, z = 200 cm, d = 50 cm 
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u = 4 cm, z = 200 cm, d = 60 cm 

 

 

 

 

 

 

 

 

 

u = 4 cm, z = 200 cm, d = 100 cm 

 

 

 

 

 

 

 

 

 

u = 4 cm, z = 200 cm, d = 1.228590234  m 
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u = 4 cm, z = 200 cm, d = 1.5 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 316 

A p p e n d i x  E  

E. Spectral irradiance of HINS-light EDS with various distance 

measurements 
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A p p e n d i x  F  

F. Risk assessment of the ROLEST laboratory lighting 

 

 

 

 

 

 

 

 

Geometric factors 

 Spectral irradiance data will be measured at a distance of  30 – 200 cm from 

the lamp, looking directly at it 

 For the ROLEST lighting has a surface area of 59.2 cm × 59.2 cm = 3504.64 

cm
2
 

 Solid angle (Ω) = 0.087616 sr  (h = 200 cm) 

 

 

UV assessment (180 – 400 nm) 
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UV-A assessment (315 – 400 nm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Risk Assessment: (Comparison with exposure limits) 

 

1. Limit a  The exposure limit is Heff = 30 Jm
-2

 (UV: 180 – 400 nm) 

 

MPE > 8 hours (h = 30 – 200 cm) 

 

2. Limit b  The exposure limit is HUVA = 10
4
 Jm

-2
 (UVA: 315 – 400 nm) 

 

MPE > 8 hours (h = 30 – 200 cm) 

 

3. Limit d  The exposure limit is 100 Wm
-2

sr
-1

 

 

LB = 0.47 Wm
-2

sr
-1

 and LA = 0.63 Wm
-2

sr
-1

 

 

4. Limit g  The exposure limit is 280 kWm
-2

sr
-1

 or 10
4
 cd.m

-2
 

 

 
 

 LR = 4556.4  < 10
4
 cd.m

-2 
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ABSTRACT 

Photodynamic-inactivation of microorganisms is a research area gaining interest due 

to the emergence of resistance to control methods such as antibiotics and 

disinfectants.  The present study demonstrates the visible-light wavelength sensitivity 

of methicillin-sensitive and methicillin-resistant Staphylococcus aureus (MSSA & 

MRSA) to 400-450nm light, and subsequently, bacterial inactivation using 405nm 

High Intensity Narrow Spectrum (HINS) light. 

To determine the wavelength sensitivity of the test bacteria, this study utilized 

filtered light from a continuous xenon white-light source combined with a range of 

narrow-band optical filters (10nm FWHM) to expose bacterial suspensions.  Results 

demonstrated that the bacteria showed sensitivity to wavelengths of light within the 

visible region, with the peak wavelength for inactivation being 405±5nm.  Exposure 

to wavelengths longer than 430nm did not cause significant bacterial inactivation. 

Following identification of 405±5nm as the most bactericidal wavelength band, the 

study then investigated the use of high-intensity 405-nm light, generated from light-

emitting diodes (LEDs).  Results demonstrate that when the inactivation kinetics of 

MSSA and MRSA were compared using the 405nm HINS-light LED array and using 

the 405nm filtered light, similar results were found for each strain of bacteria, 

indicating that the applied dose of 405nm light was the important factor, not the light 

source. 
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