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Abstract

Ultraviolet (UV) fluorescent lamps are widely used in photopolymerisation
processes. However, there a number of disadvantages to these lamps, namely,
their intensity varies over time and has to be constantly monitored. This thesis is
concerned with the possibility of replacing these lamps with UV Light Emitting
Diodes (UV-LEDs).

A number of emission characteristics of both the fluorescent lamp and the
UV-LEDs were measured and compared to ensure that the optical properties of the
UV-LEDs were equivalent to those of the lamps. From this study it was shown
that the UV-LEDs have a quicker warm up time and exhibit a more stable output
than the fluorescent lamps, while also emitting in the required region for
photopolymerisation.

The ability of each source to initiate photopolymerisation in a HEMA
sample was then monitored using FTIR (Fourier Transform Infrared) and Raman
spectroscopy and the percentage cure calculated. These studies proved that UV-
LEDs could produce a degree of cure that was comparable to that produced by the
fluorescent lamp.

The last section of the study was concerned with investigating how pulsed
UV radiation affected the curing process and thus the mechanical properties of the
final polymer. This work was performed using FTIR spectroscopy and Dynamic
mechanical analysis (DMA). The study showed that the curing profiles and the
mechanical properties of the polymer were not only affected by the irradiation

wavelength but also by the duration of the pulsing.



The findings of this thesis show that due to the inherent advantages that
LEDs have over fluorescent lamps and the fact that they produce a comparable
photopolymerisation as that achieved with the fluorescent lamps, LED
photopolymerisation is a viable possibility in replacing fluorescent lamps in the

manufacturing of biomaterials.
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Chapter 1 Theory

1.1 Introduction

Light-induced polymerisation (photopolymerisation) of monomers has
become a well-accepted technology which has found a use in a wide variety of
industrial applications due to its distinct advantages ie. a high rate of
polymerisation can be achieved in a fast time at ambient temperatures [1].
Another reason for the wide spread use of this technique is its ease of operation
and cost efficiency [2]. This technology is used in a number of areas ranging from
the coating industry, to paints, to the manufacturing of biomaterials such as
contact lenses [3-5]. It is the use of this technique in the manufacturing of the
latter that is of concern to this research. This chapter gives an introduction to the

theory behind photopolymerisation and discusses how it is used in the

manufacturing of contact lenses.

1.2  Manufacturing of contact lenses

The earliest known reference to contact lenses was made by Leonardo da
Vinci over 500 years ago in which he described a clear shell that could be placed
against the eye to correct vision [6, 7]. However it was not until the latter half of
the 1900’s that the contact lens manufacturing industry began to expand [7]. The
first contact lens was created in 1888 by A.E. Fick who suggested their potential
use in aphakia (absence of the lens of an eye) and as cosmetic/prosthetic lenses;
these lenses were cast in blown glass [7, 8]. In 1889 A. Miiller corrected his own
myopia by wearing a glass-blown scleral contact lens. These lenses sat across all

the visible ocular surface [8]. It was not until after the Second World War that the



first corneal contact lens was manufactured, these lens were smaller than the
previous scleral lenses and sat only on the cornea [9, 10]. This type of lens
became known as hard or rigid contact lenses and was manufactured from
poly(methyl methacrylate) (PMMA) [11, 12]. One of the main disadvantages to
these PMMA lenses is their low gas permeability which means oxygen cannot
penetrate through the lens to the cornea and conjunctiva, which can lead to eye
damage [13, 14]. With the discovery of 2-hydroxyethyl methacrylate (HEMA) by
Otto Wichterle [15] during the 1950’s and the subsequent development of the
‘spin-casting’ production [16] method, the first large-scale production of HEMA
lenses by Bausch & Lomb took place in 1971 [6]. HEMA belongs to a class of
polymers known as hydrogels. These polymers can retain a large fraction of water
without dissolving [17]. These soft lenses offer immediate comfort to the wearer
where hard lenses require a period of adjustment before full comfort is reached.
Since the 1970s there has been a large increase in the type of contact lenses
available including numerous different soft contact lenses with different water
content, oxygen permeability and wear time [10]. The most recent development
has been the manufacturing of silicone hydrogel lenses [7, 18]. As oxygen is far
more soluble in silicone than in PMMA and water these lenses allow for further
comfort to the wearer due to their high oxygen permeability while still allowing
for water absorption [16, 19]. Recently relatively cheap disposable soft contact
lenses [7] became available these have became very popular and allow the wearer
to dispose of them after certain periods of time. They can be disposed after either

each day of wear or can be worn for up to 30 consecutive nights [20].



The two main methods of contact lens manufacturing are moulding and
lathe-cutting also known as generating [7]. There are three types of moulding;
casting, injection and compression. Spin casting combined with
photopolymerisation is the method favoured by companies such as Bausch &
Lomb and Johnston & Johnston [7], due to the ease at which large amounts of
contact lenses can be manufactured in a relatively short time. This procedure
begins by injecting a hydrogel monomer mix into a concave mould which is
rotated at a suitable speed, for example 350 rpm [21]. The back surface of the
lens is governed by the speed of spin. Therefore different rates of spin are used
depending on the required lens specification. The centripetal force then causes the
monomer mix to spread to the edges of the mould, forming the required shape.
Photopolymerisation is then initiated by exposing the mixture to UV radiation.
Photopolymerisation is completed while the moulds are spinning, after which the
moulds are removed and immersed in a large volume of distilled water, which is
maintained at 87 °C to remove any un-reacted monomer that may irritate the
wearers’ eyes. The lenses are then checked, hydrated in saline and finally sealed
in pharmaceutical vials [7, 12, 16].

The main disadvantage to the spin casting technique is the expense in
setting up the laboratory therefore it is usually limited to large scale production.
Small to medium size manufacturers favour the lathe-cutting technique. This
technique is labour intensive and is generally reserved for individual prescription
work. Lathe-cutting does not involve the use of UV light to produce the lenses. It
involves mounting a blank lens on a heated stepped steel button. The button is

then cooled and placed in a high precision lathe, where the lens is cut to the



required shape and thickness. The blank is then placed on a clean steel button and
polished. The lens is then cut to the required dimensions and polished [7, 12].
Due to the rising interest in disposable lenses, manufacturers need to
produce a large mass of lenses using a less labour intensive technique while
considering production costs. This has resulted in the widespread use of spin
casting photopolymerisation and it is this process that is the main area of interest

to this thesis.

1.3 Polymers

People have been using polymers for centuries in the form of oil, tars, silk
and gums. However it was not until the development of vinyl, polystyrene and
nylon that polymer science took off. Polymers are a large class of materials
consisting of many small molecules (called monomers) that can be linked together
to form long chains that are known as polymers (or macromolecules). The
reactions by which polymers are synthesised from monomers are termed
polymerisation [22]. It was not until 1909 that the first truly synthetic polymer,
Bakelite was engineered. Since then engineering polymers has grown with the
development of a number of synthetic polymers and rubbers including
polystyrene, nylon, polyethylene and polyvinylchloride [23]. The main interest in
engineering polymers is due to their unique properties, which allows a wide range
of different polymers to be produced for use in a large number of fields and at
lower costs compared to many alloys and ceramics. The macromolecule structure
of synthetic polymers can provide good biocompatibility and allows them to be

used in many biological tasks that cannot be preformed by other synthetic



materials. These include contact lenses, dental restorative materials, bone cement,

artificial tendons, ligaments and joints including intervertebral discs [23-25].

1.3.1 Classification of Polymers

There are a number of methods used to classify polymers. One method
divides them into thermosets and thermoplastics depending on their reaction to
thermal treatment [26]. Thermoset polymers are highly crosslinked and cannot
melt when heated due to restrictions on the ability of the network polymers to
flow, therefore they cannot be moulded. Thermoplastics on the other hand are
linear or branched polymers that melt when heated and can be moulded and
remoulded into virtually any shape. This type of classification has the benefit of
giving a physical distinction between the two groups. A thermoplastic polymer is
a linear chain one-dimensional polymer which is formed by joining one or more
monomers by no more than two chemical bonds. On the other hand thermoset
polymers consist of a three-dimensional highly crosslinked network, which makes
them better suited to higher temperature applications than thermoplastics [26, 27).

Another method used to classify polymers divides polymers into
condensation and addition polymers. This classification is based on whether there
is a difference between the repeating unit of the polymer and the monomer used to
synthesise it [28]. A condensation polymer is one in which a small molecule such
as water is eliminated during the condensation of any two units. Addition
polymers are formed from many monomers bonding together without the loss of a

small molecule and the repeating units in the polymer have the same composition



as the monomer units. The corresponding polymerisation processes would then
respectively be called condensation and addition polymerisation [28].

With the development of polymer science it was found that this
classification could lead to ambiguity. Therefore another classification was
introduced which is based on the mechanism of the polymerisation reactions [26,
28]. This defines polymers in terms of step and chain polymerisation reactions.
Step polymerisation proceeds in a stepwise reaction with the monomer
transforming into a dimer, trimer, tetramer and so on until eventually a large
polymer molecule is formed. The size of the polymer molecules increases at a
relatively slow rate in step polymerisation. Chain polymerisation on the other
hand requires an initiator species with a reactive centre. Chain polymerisation
occurs by the propagation of the reactive centre by the successive linking of the
monomer molecules to the end of a growing chain. This process occurs in a much
shorter time (matter of seconds) than step polymerisation and involves three
distinct steps, initiation, propagation and termination [22, 28]. The most
important of the chain polymerisation methods is called free radical
polymerisation [23] and is almost solely used in the manufacturing of polymers
from monomers containing C=C [29]. It is this type of polymerisation that is
utilised in the manufacturing of contact lenses and is therefore the main
mechanism that is of interest to this research and will be discussed in detail in the

next section.

1.4  Photopolymerisation

Photopolymerisation is the initiation of a chain polymerisation process by

light. It is achieved by adding a light-sensitive compound (photoinitiator) to an



appropriate polymerisable substance; the photoinitiator is then activated by light
of an appropriate wavelength () and converts the absorbed light energy into ions
or free radicals. The type of radiation used is most commonly UV (200-400 nm)
or visible (400-800 nm), however in rare cases infrared (800-2500 nm) radiation
may be utilised [30].

Photoinitiated polymerisation (photopolymerisation) is one of the most
efficient methods of transforming a liquid monomer to a solid polymer while
having a number of advantages such as being solvent free, which makes this type
of process environmentally friendly [3]. Another major advantage of this type of
polymerisation is that it is essentially independent of temperature therefore the
process can occur at room temperature with minimal heat production [31, 32].
Furthermore, the reaction can be controlled by varying a number of factors such as
the photoinitiator and the light intensity [22, 33]. This type of polymerisation has
found use in a number of applications. These applications include but are not
limited to the coating industry [3] for the surface protection of various materials
such as plastics, wood and metals, curing of dental material [34] and the
manufacturing of holograms [35]. The main disadvantage to photopolymerisation
is oxygen inhibition. Oxygen acts as a quencher that can terminate initiating and
propagating radicals. However this inhibition can easily be overcome by purging
the sample with an inert gas or by simply covering the sample, for example with a
glass slide, to minimise oxygen diffusion into the sample during
photopolymerisation [36].

In most polymerisable monomers a carbon-carbon double bond (C=C) is

present. These monomers are known as vinyl monomers. These vinyl monomers



form polymers by breaking the C=C during polymerisation and replacing it with a
single bond [22]. With chain polymerisation the reaction starts by the generation
of a reactive centre. These reactive centres can be anions or cations but are
typically free radicals [26]. Radical chain polymerisation is the most widely used
method of chain polymerisation and is almost solely used in the manufacturing of
polymers from monomers containing C=C [29]. In radical chain polymerisation
the free radical generated attacks the double bond in the monomer by linking itself
to the monomer molecule and then regenerates another radical which has the same
identity as the one previous [22]. This chain reaction results in the growth of the
polymer. As the free radicals involved are so reactive chain polymerisation does
not continue indefinitely until all of the monomer is used up [26], instead it
terminates when the free radicals react with each other rendering the chain end
inactive [23]. An explanation of the three steps involved in radical chain

photopolymerisation is given below.

Initiation:

This involves the formation of the free-radical centre and usually occurs in two
steps. The first is the formation of free radicals, which occurs when the initiator
dissociates as the light is absorbed. The second step involves the addition of one
of the radicals to a monomer molecule, which in turn breaks the double bond [22,

23].



Propagation:

This involves the growth of the polymer chain by the subsequent addition of the
radical to other monomer molecules. This process will continue until all the
monomer molecules are consumed or until a termination reaction renders the

chain end inactive [22, 28].

Termination:

In this step the growth of the polymer chain is terminated. There are two methods
to termination in radical polymerisations these are combination or
disproportionation [22, 23].

Combination: This occurs when two free radicals react together sharing their
single odd electron to form a single polymer molecule.

Disproportionation: A hydrogen atom is transferred from one chain to another

leading to the formation of two polymer molecules.

The radical chain photopolymerisation of a HEMA monomer is shown in
figure 1.1. HEMA belongs to a class of materials known as hydrogels. Hydrogels
are capable of absorbing large amounts of water and are quickly gaining
importance as biomaterials [37]. Due to their significant water content they
posses a degree of flexibility very similar to natural tissue making them an ideal
material to be used in biomedical applications, including the areas of
orthopaedics, medical devices and ophthalmology [16, 38]. Their hydrophilicity

arises from the presence of certain chemical groups whose primary function is to



attract and bind water within the structure, in HEMA —OH is such a group (7,12,
23].

In general a hydrogel lens consists of a hydrophilic monomer, a
photopolymerisation initiator and cross-linkers. Although HEMA is the primary
hydrophilic monomer used in the manufacturing of soft contact lenses [39] other
components may be added to change or improve the lenses properties. N-vinyl-2
pyrrolidone (NVP) may be added as a second hydrophilic monomer to obtain an
increase in water content [7, 12], while the addition of a crosslinker such as
ethylene glycol dimethacrylate (EGDMA) achieves some key mechanical
properties such as modulus and tear strength while providing dimensional stability
[18, 40]. In addition to these other components can be added to aid in the
manufacturing process or to achieve certain desirable properties in the lens. A
hydrophobic monomer may be added to modify the physical and mechanical
properties of the lens but this will also affect the final water content of the contact
lens [39]. Tints may also be added for two reasons (1) visibility, a slight tint
makes the lens more visible out of the eye and therefore easier to locate [7] and/or
(2) cosmetic reasons to change or enhance the wearer’s eye colour [41]. The
central objective of this study was to verify that UV-LEDs could polymerise a
HEMA monomer. As such only HEMA samples containing a photoinitiator were

used in this research.
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Termination resulting in the formation of p(HEMA)

Figure 1.1: Radical chain photopolymerisation of HEMA, R represent free

1.4.1 Photoinitiators

For a photochemical reaction (i.e. photopolymerisation) to occur the
medium must absorb light. However as most monomers are transparent to the
radiations required to produce an initiation species it is necessary o introduce into

the curable monomer a photoinitiator that will effectively absorb the incident
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radiation [33, 42]. A photoinitiator is a compound, which upon absorption of
radiation (ultraviolet or visible) undergoes a photoreaction that produces reactive
species. These species are capable of initiating a chemical reaction, which results
in changes to the physical properties of the monomer [32]. There are a variety of
initiators available which can be formulated to respond to a range of wavelengths
(most commonly used photoinitiators react between 300 nm-400 nm but visible
and IR active ones are available [43]) to produce reactions. In order for an
initiator system to function as a good source of radicals it should be stable under
ambient or refrigerated temperature, produce a practical rate of radicals at non-
excessive temperatures (approximately <150°C) and exhibit a large absorption in
the emission range of the light source [4, 22].

In industries where photochemical reactions are used the photoinitiators
traditionally respond to ultraviolet wavelengths [1, 33]. The reason for this is if
the initiators responded to temperature producing infrared and visible light the
system would have to be completely isolated from normal lighting and
temperature surroundings. For this reason fluorescent lamps that emit in the near-
ultraviolet region are usually used to initiate photopolymerisation reactions.

For photopolymerisation processes it is important to select photoinitiators
that have absorption spectra that overlap with the emission spectra of the
irradiation sources, as a high absorption process is vital to increase the reaction
efficiency [44]. Therefore in this research a number of different UV sensitive
photoinitiators were investigated. Figure 1.2 gives the chemical structure and
trade names (in bold) of the photoinitiators used in this study. Throughout this

thesis the photoinitiators will be identified by their trade names. All six
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Darocur 1173 2-hydroxy-2-methyl-1-phenyl-propan-1-one MW = 164.2 gmol™

Darocur TPO 2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide MW = 348.4 gmol!

Figure 1.2: Chemical structure of the photoinitiators used in this study.
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Irgacure 369 2-benzy1-2-dimethy1amino-1-(4-morpholinophenyl)—butanone—1
MW = 366.5 gmol™!

Irgacure 651 2,2-dimethoxy-1,2-diphenylethan-1-one MW = 256.3gmol"!

Figure 1.2 contd.: Chemical structure of the photoinitiators used in this study.



Irgacure 819 Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide MW = 418.5 gmol-1

75% 1-Hydroxy-cyclohexyl-phenyl-ketone MW = 204.3 gmol™!

Figure 1.2 contd: Chemical structure of the photoinitiators used in this study.
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1.4.2 Photoinitiator types

The photoinitiator plays a crucial role in the UV curing process, as it is this
species that absorbs the incident radiation which in turn induces a chemical
reaction resulting in the formation of a polymer. These photoinitiator species can
be either free radical or cationic but as mentioned previously the vast majority are
based on the formation of free radicals [22, 32]. Free radical photoinitiators can
be subdivided into either ‘alpha cleavage type’ or ‘hydrogen abstraction type’
with both producing free radicals in a slightly different way. Alpha cleavage
photoinitiators are the most widely used and generally have a higher efficiency
due to fact that they need only absorb light in order to generate radicals [46].
However, as will be seen in chapter 6, some photoinitiators are based on hydrogen
abstraction. Hydrogen abstraction photoinitiators require the excited state
photoinitiator to find a hydrogen-donating source, such as an amine [47, 48], in
order to generate free radicals [46).

The rate of initiation (r;) (radical production) is dependant on the intensity
of the incident light (I,), the sample thickness or path length (1), the molar
absorptivity (g)), photoinitiator concentration ([PI]) and the quantum yield for
initiation (®) which is the number of initiating species produced per photon
absorbed (Eq 1.1) [22, 32, 33]. The maximum value of @ is 1 [22], different
photoinitiators will have different quantum yields and therefore will produce
different rates of initiation. Hydrogen peroxide has a measured @ value of 0.87

[49], while other photoinitiators can have @ values as low as 0.13 [50].

r, = ®I (1-exp(—¢,I[PI]) Eq. 1.1
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1.5  Sample Description

As mentioned in section 1.4 in general a hydrogel lens consists of a
hydrophilic monomer, a polymerisation initiator and cross-linkers. The properties
of the resulting polymer depend on the chemical components used. The final
water content, which influences the oxygen permeability of a hydrogel lens,
depends on the hydrophilic monomer used. The monomer used in this research is
HEMA (figure 1.3) which upon photopolymerisation forms the polymer poly 2-
hydroxyethyl methacrylate (b HEMA). pHEMA is a widely used polymer for
manufacturing soft contact lenses and other biomaterials such as bone prostheses
due to its biocompatibility [5, 17, 24, 25]. The properties of this polymer changes
drastically depending on its surroundings, in dry environments it is rigid and
brittle but when hydrated it is soft and flexible [5]. Contact lenses manufacturers
make use of the hydrated state as the high oxygen permeability and water
absorption allows for more comfort to the wearer. However for biomedical
applications the hydrated material does not have sufficient mechanical strength.
Therefore a hydrophobic component is often incorporated to improve the

mechanical properties [16, 38, 51].

0]

Figure 1.3: Chemical structure of HEMA MW = 130.1 gmol™
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1.6 Previous curing studies of HEMA

As stated in section 1.4, HEMA belongs to the hydrogel class of polymers
and is an important component in many applications especially in the area of
biomaterials. As such a number of studies have investigated the curing process of
HEMA [52].

As already stated (section 1.2) contact lenses are presently manufactured
by exposing the monomer to UV radiation from a fluorescent lamp. Due to the
number of disadvantages associated with fluorescent lamps several studies have
been undertaken to replace these lamps in the manufacturing of contact lenses.
McBrierty et al. [53] have investigated the potential to polymerise the contact lens
material with UV lasers having a wavelength range of between 200 nm and 400
nm. This study utilised a number of excimer lasers KrF, XeCl and XeF (operating
at 248 nm, 308 nm and 351 nm respectively), and a N laser operating at 337 nm,
it found that the most useful lasers for complete photopolymerisation were likely
to be the XeCl and XeF excimer lasers and the N; laser.

A further in-depth study into the use of the N, lasers in the
photopolymerisation of contact lenses was conducted by Martin [54]. This study
used Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared (FTIR)
spectroscopy to monitor in real time the UV photoinitiated and thermal curing
dynamics of contact lens material. Typical cure times using the N, laser were
between 1500 and 2000 seconds. However depending on the monomer mixture a
cure time could exceed this.

The advantages of using a laser as the source to initiate

photopolymerisation include shorter polymerisation times, improved control and
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less maintenance than that required with conventional lamps. A further study by
Lai [55] has attempted to improve the curing time of HEMA by achieving a “peak
time” of about 180 seconds. In relation to this study it should be noted that the
“peak time” is a reference to the early point in polymerisation when the
polymerisation reaction is at its most intense point and not the point when the
reaction is deemed to be complete (“stall time”). This study was concerned with
varying the photoinitiator concentration and type and used a Sylvania
F4T5/350BL lamp, which is a fluorescent bulb emitting between 300-400 nm
having a peak at 350 nm. Using this lamp and photoinitiator concentrations
varying from 0.1 to about 1.0 weight percent, peak times of between
approximately 140 and 600 seconds were recorded. When the ideal formulation
of photoinitiator type and concentration was found the HEMA mixture was then
cured using a Philips UV lamp in approximately 90 seconds.

As previously mentioned the basis to this research is to investigate the
potential of UV-LEDs in replacing the traditional used fluorescent lamps in the
manufacturing of biomaterials, namely contact lenses. UV-LEDs are the latest
development in a constantly developing lighting industry, where scientists and
engineers have strived towards creating the ‘ideal’ light source. The next section
gives an account of how light sources have evolved from early incandescent lamps
to gas emission source, such as fluorescent lamps, and then into the recently

developed solid-state sources that are light emitting diodes (LEDs).

1.7  History of lighting technolog

Lighting technology is constantly striving to develop ideal light sources

with improved specifications such as output spectrum, ruggedness, longer
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lifetime, better efficiency and stability for use in a range of domestic and
industrial applications [56, 57]. The first commercially available electrical light
source was the incandescent light bulb. This type of lamp contains a filament
which heats up and produces light when an electric current passes through it. The
filament is kept in a vacuum which is enclosed by a glass bulb. Although it is the
filament that produces the light it is the filament that is their weak point and
principal cause of failure, as without the filament no current can flow and no light
is generated. These lamps are very inefficient at converting electricity to light
with about 90 % of the energy input being released as heat. Some applications
make use of the heat generated such as incubators and heat lights for reptile tanks.
Although these lamps are inefficient they are still widely used in household
applications due to their low cost (less than 50 pence each [58]) and the fact they
require no external regulating equipment. They have a lamp lifetime of
approximately 1000 hours [59]. Another advantage to these types of lamps is that

they emit over a broad range of wavelengths (figure 1.4).
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Figure 1.4: Spectral output of a typical incandescent bulb [60].

Halogen lamps, also known as tungsten-halogen lamps were introduced as
an improvement to incandescent lamps. These lamps also contain a filament
however unlike their predecessor the filament is not sealed in a glass bulb butin a
transparent envelope usually made of quartz and filled with a halogen gas. This
allows the lamp to run at higher temperatures allowing for greater brightness,
whiter colour temperature and at a slightly higher efficiency than ordinary
incandescent lamps. However this higher operating temperature can be a
disadvantage as it means excess heat is discarded into the atmosphere. The quartz
encasing allows these lamps to become a source of UV-B radiation as it is
transparent to this spectral range. This may be one of their most significant side
effects though conversely some instruments such as those used in medical and
scientific applications make use of this UV radiation. These types of light sources

are commonly used in dentistry to photopolymerise dental resin composites.
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However as these lamps produce a very broad spectrum (similar to that of
incandescent bulbs) a filter is needed to restrict the emitted light to the blue region
of the spectrum, were the absorption spectra of the photoinitiator used occurs [61-
63]. A typical tungsten halogen lamp has an operational lifetime of approximately
2000 hours, which is twice a long as a typical incandescent lamp.

The next development in electric lighting technology seen the introduction
of gas discharge lamps. Unlike incandescent lamps, gas discharge lamps have no
filament and do not produce light as a result of something solid getting hot
(although heat is a by-product). Rather these types of lamps generate light (either
visible or UV) by sending an electrical discharge through an ionised gas. The
colour produced depends on both the mixture of gasses inside the tube as well as
the pressure. Gas discharge lamps offer longer lifetime, up to 10,000 hours and
are more efficient than incandescent lamps, a typical gas discharge lamp
consumes only about 15 % of the electricity that an ordinary incandescent lamp
needs [59, 64]. However they are more complicated to manufacture and unlike
incandescent bulbs they require electronics to provide the correct current flow
through the gas. They also suffer from environmental issues and have to be
specially disposed off as they contain hazardous materials such as mercury.

Gas discharge lamps can be sub-divided into low and high pressure
discharge lamps. When the gas is at low pressure a line spectrum is emitted, as
the pressure is increased the spectral lines broaden until at super high pressure a
continuous spectrum occurs [65]. Low pressure discharge lamps comprise of
fluorescent and low pressure sodium lamps. While high pressure discharge lamps

include high pressure sodium lamps, high pressure mercury-vapour lamps and
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metal halide lamps. The fluorescent lamp is probably the best known gas
discharge lamp. This type of lamp has been further developed into the compact
fluorescent lamp (CFL) which may have a conventional ballast located in the
fixture or the ballast integrated in the bulb, allowing them to fit into existing
incandescent lamps fixtures. It is the use of these CFLs in photopolymerisation
applications that is of interest to this research. The purchase price of a gas
discharge lamp is higher than that of an incandescent lamp, but this cost is
recovered in energy savings and replacement costs over the bulb's lifetime. A

typical emission spectrum of a CFL is shown in figure 1.5.
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Figure 1.5: Spectral output of a typical compact fluorescent light bulb [66]

The most recent progress has seen the production of light emitting diodes
(LEDs) which has lead to the development of Solid State Lighting (SSL). Unlike
incandescent and gas discharge lamps were a heated filament or gas is required

the light from an LED is emitted solely from the movement of electrons in a
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semiconductor material. An LED contains a diode which comprises of a p-n
junction, when the diode is subjected to an electric current, electrons and holes
recombine at the LEDs p-n junction and release energy in the form of photons.
The wavelength and thus the colour of the light emitted depends on the bandgap
energy of the materials forming the p-n junction. Advances in material science
have made it possible for LEDs to be produced that emit light at variety of
different wavelengths. This alleviates the need for filters that were required with
previous light sources. The purchase price of LEDs varies from a few cent up to
hundreds of euros depending on the type of irradiation required [67, 68].
However overall like every new technology the price of this technology has
decreased as LEDs become more widely available. The higher initial cost of SSL
compared to incandescent and gas discharge lamps can be recovered due to their
extremely long lifetime which can be as much as 100,000 hours for single colour
LEDs and 35,000 for white LEDs. SSL also reduces maintenance costs and
energy consumption, SSL can be as much as 20 times more efficient than
incandescent lights and 5 times more efficient than fluorescent lighting [61, 69].
Due to their semiconductor nature they generate no or little heat and are more
environmentally friendly than gas discharge lamps as they contain no harmful
mercury. In addition their solid-state nature provides greater resistance to shock
and vibration. Tt is the application of these LED-based systems and how they can
be used to replace the previous sources in photopolymerisation processes, while
eliminating many of the physical and commercial drawbacks that is of interest to

this research.
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When choosing an ideal light source for industrial applications such as
contact lens photopolymerisation a number of factors need to be considered.
Table 1.1 outlines the specifications for an ideal light source to be used in
photopolymerisation applications. From the discussion previously it can be seen
that LED based systems exhibit most of these ideal conditions. Throughout this
research the specifications of a gas discharge lamp as well as numerous LEDs will
be measured and compared to the ideal specifications that are outlined in table 1.1.
Some of the ideal specifications listed in table 1.1 will be mutually exclusive in
actual lamps available so compromises are required when choosing the final
design. For example, high optical specifications may mean the light source is
more expensive to produce or a high dose of UV radiation may increase the

dangers to employees so extra safety guidelines would need to be put in place.
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Table 1.1: “Ideal’ light source specifications for photopolymerisation processes.

1

2

10

11

12

13

14

15

Wavelength range
Filters required
% of light in required A range
Irradiance

Electrical power in for photons out

Output over time

Switch on time to stable output
Long term stability
Lifetime
Beam uniformity

Heat produced

Cost
Ruggedness
Environmentally friendly

Ease of replacement

26

uv
No
100 %
Maximised at key UV A
All electrical power converted to
photons
Continuous or “DC”
Pulsed or “AC” may effect
photopolymerisation rate
Instantaneous
Constant
Infinite
0% variation in output field
No heat as heat effects
polymerisation rate
Minimal
Shock & vibration resistant
No hazardous materials
Quick replacement to reduce

downtime



1.8  Light Emitting Diodes replacing traditional light sources

Since the production of the first light bulb light sources have continued to
evolve from gas emission sources such as fluorescent lamps through to recently
developed solid-state sources such as light emitting diodes (LEDs). These latter
LED-based systems have begun to replace incandescent lamps in many
applications due to their inherent advantages; this research is concerned with
replacing the currently used fluorescent lamps in photopolymerisation processes
with this new technology.

UV fluorescent lamps have been used as the main source of UV radiation
in the manufacturing of biomaterials such as contact lenses. Despite their
popularity these light sources suffer from an array of problems such as, their
output intensity varying and their short lifetime span. The intensity and the
stability of the UV radiation being emitted is a crucial factor in
photopolymerisation. If the lamp is not emitting at the required intensity the
monomer may not fully polymerise, which could leave a toxic substance present
and thus effect the lifetime, reliability and quality of the biomaterial. The output
of these lamps decrease over time so they have to be constantly monitored and
replaced regularly. These lamps must also be activated for a period of time before
they can be used in photopolymerisation processes this is to ensure that the lamps
have sufficiently warmed up. Another disadvantage is that switching them on and
off wears out the electrodes, reducing the lifetime. This is because the mercury
jons collide with the electrodes and erode the tungsten. Therefore more frequent
starts (shorter burning cycles) reduce the lamp life. All of these problems lead to

increased costs and down time for the manufacturer.
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Since the development of solid state lighting (SSL), LED technology has
been replacing traditional lamps in a number of areas due to their inherent
advantages. LEDs offer lower energy consumption, stable optical properties and
are more ecfficient at converting electricity into visible light than their
counterparts. Also unlike traditional light sources LEDs produce visible light with
virtually no heat. In addition due to their semiconductor nature they have longer
lifetimes, their lifespan is further increased due to their ruggedness, which allows
for greater resistance to shock and vibration. It is the lifetime of a light source
that is of great interest to contact lens manufacturers. The lifetime of a lamp or
LED is defined as how long the source provides light until half of the unit fails,
that is until the emission of the device has decreased to 50% of the initial intensity
[70]. With traditional light sources, such as incandescent lamps, the weak point
and principal cause of failure is filament breach, without the filament no current
can flow and no light generated. In contrast LEDs produce light using doped
semi-conductors therefore they require no filament to emit light [61]. It has been
reported that fluorescent lamps have a lifetime of between 2,000 and 10,000 hours
[64]. In 1996 LEDs had an operational lifetime of only a few hours [70] however
it has now been reported that LEDs have a lifetime of between 50,000 to 100,000
hours [71, 72] although this is not infinite it is a considerate increase on the
lifetime of the lamps now being used.

One area that has seen this type of replacement technology is dentistry
were tungsten-halogen light sources has been replaced by blue spectrum LEDs in
the photopolymerisation of dental composites [34, 73, 74]. The main drawback

with halogen sources is that their light output decreases with time. Since the
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clinical performance of light induced dental composites is greatly influenced by
the quality of light used the decrease in light intensity may produce a dental
composite with poor physical properties which could lead to the premature failure
of the restoration [61]. Also light curing units (LCUs) utilising halogen lamps
require special filters to filter out unnecessary portions of the spectrum so that the
wavelength is limited to 370-550 nm to fit the absorption spectra of the
photoinitiator used [61, 63]. As LEDs can be manufactured to emit at narrow
wavelength bands they allow for better control of the photopolymerisation process
by emitting at the exact wavelength required to initiate the photoinitiator.

A number of studies have been undertaken to investigate and compare the
effectiveness of polymerisation achieved with new LED LCUs and conventional
halogen LCUs. These studies have investigated different properties for dental
resin cured with the halogen lamp and the LEDs. These properties included
degree of conversion, compressive strength, barcol hardness as well as depth of
cure and flexural properties. These studies along with previous ones have shown
that these blue LEDs produced a depth of cure and a degree of conversion that
was significantly greater than those obtained using the halogen lamp even if the
level of irradiance for the two sources was the same. Tests to investigate the
compressive strength and the barcol hardness have found that dental composites
cured with the LEDs will not be weaker than those cured with the lamps and the
flexural properties of these composites do not change significantly when they are
cured with the lamps and the LEDs.

In the past few years LED SSL technology has become commercially

viable for general lighting applications. The brightness levels of LEDs are now
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feasible for many applications and their continued improvements are allowing
them to compete with the performance and cost of traditional light sources for
general use [69]. Therefore it is expected that over the coming years the use of
LED SSL in homes will increase. Already LED technology is used in a number of
industrial and domestic areas. For example they can now be used as information
indicators, e.g. as on/off lights in various audio and visual equipment. Due to
their long lifetime and high efficiency LED clusters are now used in traffic lights.
Their initial higher cost can be recovered in a short time due to their energy
savings (traffic lights using LEDs instead of incandescent lamps consume one-
tenth the power) and longevity, which reduces the manpower required for
maintenance. Their long lifetime is also increasing their usage in car break lights
and indicators as it allows for less frequent replacement. Their use in public
displays has steadily increased over the years due to their capability to display
instant real time measurements at low power consumption and low maintenance.
Another advantage to using LEDs in public displays is that they are scalable and a
batch of LEDs can be made as big as needed, from 1 cm up to metres. Indeed the

overall display size is only limited by cost and the space available.

1.9 Conclusion

The use of LED technology as a viable alternative to halogen lamps in the
photopolymerisation of dental composites has been proven. However the use of
UV-LED:s in such processes has not been investigated. Any non-traditional curing
method must be fully evaluated to ensure that complete through-cure is achieved
and that the properties of the developed polymer is equivalent or better to those

developed in the traditional manner. This thesis is concerned with developing a
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novel curing method utilising UV-LEDs for use in the photopolymerisation of
contact lenses which will be more efficient and have the potential to reduce
manufacturers” costs. A thorough investigation of the optical and electrical
properties of UV-LEDs was conducted with the findings being compared to those
of the traditionally used fluorescent lamps. Each light source was used to
photopolymerise a test contact lens monomer with the degree of cure being
compared. Another novel aspect to this thesis and one which to the author’s
knowledge has not been published before was the use of pulsed LEDs to alter the
mechanical properties of a contact lens.

This thesis describes an alternative method for curing a HEMA monomer
and demonstrates the effect photoinitiator, wavelength and pulse rate has on the
rate of cure and mechanical properties of the final polymer. The methodology
applied in this research is just one example of the potential applications for UV-
LEDs in photopolymerisation techniques and is not limited to this use. The
findings in this research have potential use in a number of areas of polymer
production and can be utilised in the coating industry for the formation of coatings

or paints and in dentistry for the formation of dental composites.
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Chapter 2: Methods for light source characterisation and

intercomparison

2.1 Introduction

When choosing ideal light source specifications for industrial processes,
such as contact lens photopolymerisation, a number of factors need to be
considered. These include output intensity, wavelength range and the related
electrical output efficiency (i.e. conversion from electric energy to radiation
energy), whether the light output is continuous or modulated (i.e. dc or AC),
lifetime and start-up characteristics. For photopolymerisation processes it is
important that the light source emits the majority of the output intensity at the key
photopolymerisation wavelength with high efficiency, rapid start-up and
stabilisation as well as having a constant output. The ability to accurately measure
these characteristics is an important part of this research. This chapter details the
different experimental techniques used to measure and compare the specifications
of the lamp and the LEDs in order to evaluate the potential for LEDs to replace

fluorescent lamps as the source of UV radiation in photopolymerisation process.

2.2  Light sources used

A number of different light sources were characterised and their
behavioural properties inter-compared. At present the main source of UV
radiation for use in the photopolymerisation processes is from fluorescent lamps.
An example of the type of fluorescent lamps used by contact lens manufacturers is
the Philips PL-S 9W/10 low pressure Hg lamp (Eindhoven, The Netherlands)[1],

figure 2.1.  These fluorescent lamps, representative of those used in
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manufacturers’ photopolymerisation processes, consist of two single-ended
fluorescent tubes fused together and operate on the same universal ballast as other
compact fluorescent PL-S lamps. Overall the majority of photopolymerisation
processes utilise UV radiation as if infrared or visible light was used the system
would have to be completely isolated from normal lighting and temperature
surroundings, as such the fluorescent lamps used in photopolymerisation emit
UVA [2] radiation in the 350-400 nm region. The properties of these lamps were

measured and then compared to a number of different UV-LEDs.

Figure 2.1: Photo of Philips PL-S 9W/10 low pressure Hg lamp

Over the course of this research UV-LED production progressed and as a
result 2 number of different UV-LEDs became available on the market. The LEDs
used in this study were ones available that had a peak wavelength closest to that of
the fluorescent lamp. At the start of the study the closest UV-LED available that
matched the required specification was the Roithner Lasertechnik (Vienna,

Austria) [3] UV-LED370-10 ball lens (figure 2.2). These LEDs also emit in the
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UVA region of the electromagnetic (EM) spectrum and have a peak wavelength of
370 nm [4] which is approximately the same as the fluorescent lamp determined
by the Hg emission. This LED circuit was set up as shown in figure 2.3 and

throughout this thesis will be known as the single LED.
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Figure 2.2: Photo of the single LED (UV-LED370-10 ball lens).
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Figure 2.3: Circuit diagram of the single LED, showing a dc supply, regulating

series resistor and forward biased diode.
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Although this single LED was fully characterised and tested in a
photopolymerisation set up, the next LED that became available became the main
LED of interest due to its higher UV output. The manufacturers’ specifications
give a total output power of 750 uW for the single LED compared to 20 mW for
the LED array at their respective wavelengths. Due to the completely different
nature of the fluorescent lamp, for example the surface area, a comparative figure
is not available. However its electrical power is given as 9 W which would be
related to its total light output power by its efficiency, which is not readily
available and as the output is a function of all the output wavelengths the UV
efficiency is not easily obtained. In addition, lamp output efficiencies are generally
given in lumens/Watt that would not include any UV output power. This LED
array was the Roithner Lasertechnik (Vienna, Austria) [3] LED375-66-60-110
array model. As this LED was an array consisting of a total of 60 UV diode chips
it had a higher output intensity than the single LED, like the previous two sources
this LED array also emitted in the UVA region but had a higher peak output
wavelength of 375 nm [5]. Throughout this thesis this LED will be known as the
LED array. Figure 2.4 shows a photo of this LED array while its circuit diagram

is shown in figure 2.5.
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Figure 2.4: Photo of the LED array (LED37 5-66-60-110 array model).
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Figure 2.5: Circuit diagram of the LED array showing a dc supply, regulating

series resistor and forward biased diode.

The third type of LED used in this research was the LED cure-all™ linear
100 array supplied by UV process (Illinois, USA) [6]. Two of these LEDs were
purchased one that emits at 375 nm and the other at 450 nm. These devices are
Jarger than those previously used and will be known as large LED arrays during

this thesis. The relevant circuit for the LED arrays is contained within their
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modular dc power supply unit, supplied by the manufacturers. These LEDs did
not become available until late in the study and were used to investigate the affect
of pulsing on the photopolymerisation process, after the initial proof of concept
was achieved with the first two LEDs. Figure 2.6 shows a photograph of one of
the large LED array used in this study. Their characteristic study is discussed later
in chapter 6, section 6.2. The results of the characterisation study of the

fluorescent lamp, the single LED and the LED array are discussed in chapter 3.

Figure 2.6: Photo of the large LED array.

2.3  Properties measured

From a photopolymerisation perspective there are a number of key
specifications that need to be considered when choosing what light source to use.
Table 2.1 gives a list of such specifications and the ideal behaviour of each for a
photopolymerisation process. Each of the light sources was fully characterised,
using these guidelines as a template, by using a number of different techniques.
At the end of chapter 3 these ideal specifications are compared to the actual
specifications achieved for each of the first three light sources used in this study.

The order of specifications in the table is also the order in which they were
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measured; the reason for this is that specific behavioural outputs needed to be

prioritised so that other characteristics could be measured.

Table 2.1: Ideal light source specifications

Specifications
AC/dc
Warm-up Time
Stability
Lifetime

Current -v- Intensity

Wavelength range/ Peak wavelength

Intensity -v- Distance

UV output intensity

Efficiency

Ideal
Continuous output
Instantaneous switch on
Continuous stable output
Limitless
Maximum light output for minimum
electrical power in
Emits only over wavelength range
needed for photopolymerisation

Maximised intensity at light source

sample distance in manufacturing set up

Maximum for minimum number of
lights

100 %

2.3.1 Continuous (dc) or modulated (AC) light output

Fluorescent lamps ‘flicker’ due to the nature of their electrical supply

which is AC (i.e. 50 Hz in Europe) This causes repeated changes in their output

light intensity that cannot be seen by the human eye, as human flicker fusion is

typically greater than 20 Hz, but may effect fast photopolymerisation reactions.



LEDs on the other hand can be powered by a dc supply meaning their output
intensity is not affected by ‘flickering’. Note: in this chapter and chapter 3 the
acronym dc refers to direct current while later on DC refers to degree of
conversion. To investigate how much the intensity of the fluorescent lamp varies
due to the AC nature its output intensity was observed and measured using a fast
photodiode attached to an oscilloscope. This was then compared to the dc nature

of the LEDs, which is ideal for use in the manufacturing process.

2.3.2 Warm up time, long term stability and lifetime

Warm up is an important factor to be considered when using UV light
sources in manufacturing processes (i.e. the time after switch on for the device to
achieve sufficient electrical and thermal stability). It has been well documented
that fluorescent lamps need to be activated for a period of time prior to use to
allow them to sufficiently warm up while due to the semiconductor nature of
LEDs it is expected that they will emit at a constant output as soon as they are
switched on.

Frequent sampling of temperature and intensity over time was recorded for
each light source to investigate their warm up time after which their stability was
measured. The intensity of the LEDs was recorded using a Solar Light PMA2100
radiometer with the PMA2107 UVA/B detector attached. This detector has a broad
response from 260 nm to 400 nm which is relatively flat in the region from 300
am to 370 nm (see figure 2.7). It incorporates a diffuser whose Lambertian
response makes it suitable for measuring diffuse and/or direct radiation from
extended sources. The Solar Light PMA2100 radiometer is primarily used to

measure the intensity of dc powered light sources and is not ideal for making
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direct intensity readings from AC sources such as the fluorescent lamp, as it has a
1 s sampling rate. However this section of the study is only concerned with how
the relative output intensity behaves over time and not the actual output intensity.
Therefore this radiometer can be used to obtain the relative intensity profile of the

light source characteristics while also measuring absolute intensity values when

required.
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Figure 2.7: Spectral response of PMA 2107 detector [7].

To measure the warm up time the intensity readings from each light source
were recorded every minute for the first 30 minutes after which their stability was
measured by recording the intensity output every hour over an eight-hour period.
It had been hoped to measure the stability over a few days. However preliminary
results showed that the lamp became very hot after a short period of time so for
safety reasons the lamp was only left on during the day, under supervision.
Ideally, to measure lifetime this study would have involved continuous

measurement of the output intensity over a prolonged period of time. However
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since LEDs have been quoted as having a lifetime of up to 100,000 hours this
would have involved a considerable amount of time that this study did not allow

for

2.3.3 Current -v- Intensity measurements

As the output intensity for the single LED and the LED array can be varied
by varying current it was important to examine this relationship to ensure that the
LEDs were at their maximum output intensity for minimum power consumption.
For each LED tested the output irradiance was measured using the Solar Light
radiometer at a fixed distance over a range of currents from 0 mA to the maximum
specified current. As the output of the fluorescent lamp is determined by the
manufacturers ballast circuit the current-intensity relationship was not easily

determined and is largely pre-set by the fluorescent lamp’s design.

2.3.4 Spectral output and peak wavelength

To experimentally compare the specifications of the fluorescent lamp and
the UV-LEDs a number of important factors relating to their respective
configurations and operating principles need to be considered. The most important
of these is how to relate the light output from a fluorescent tube to that of an LED
so that a reasonable logical intercomparison can be made. Due to their smaller size
the output of the LEDs is relatively straight forward to measure. A more complex
problem arises with the fluorescent lamp, as the lamp consists of two 128 mm
long, 13 mm diameter tubes they do not compare well to the LED in their output
light field. To overcome this problem the lamp was completely masked off except

for an area equal to the diameter of the LED array. The output nature of these two
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light sources was then reasonably similar assuming no front lens is present, so that
certain specification comparisons could be made. To decide what area to leave
exposed the intensity along the tube length was recorded, after which the point
along the tube at which the greatest intensity was emitted was left unexposed. It
was this point that would then be used in all future measurements.

As already stated the Solar Light radiometer is not ideal to make direct
intensity readings from AC sources like the lamp. To use this radiometer to
measure the intensity output of the AC fluorescent lamp it was connected to an
oscilloscope and the equivalent detector voltage readings were recorded. These
voltage readings were then converted to intensity values using a prior calibration
from the dc LED source (i.e. by measuring the intensity value and the maximum
voltage reading of the LED, the voltage reading of the lamp could be converted to
an intensity value).

As photopolymerisation is wavelength dependent one of the most
important properties of the light sources to be investigated was the peak
wavelength and spectral output. The spectrometer system used to investigate the
peak wavelength and spectral output of the light sources was the Ocean Optics
IRRAD2000 spectrometer (Dunedin, Florida) [8]. This system operates over a
broad range in the UV, visible and near-infrared regions from 350 nm to 950 nm
[9] and was wavelength calibrated using a Ocean Optics Cal 2000 Mercury Argon
calibration light source lamp and intensity calibrated using the Ocean Optics LS 1
cal [10]. The test light sources were coupled to the spectrometer using a 200 um
diameter UV/Vis fibre with a cosine-corrector irradiance probe attached to the

fibre. The cosine-corrector attaches onto the end of the optical fibre and when
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coupled to the Ocean Optics spectrometer can be used to measure UVA and UVB
radiation collected from a 180° field of view [11].

The spectral output of each of the test light sources was then recorded
using the Ocean Optics software, OOIBase32. From these spectra the wavelength
range and the peak wavelength emitted by each source was found and compared to
the manufacturer’s data. The output spectra of each light source at fixed distances
(0 mm, 5 mm, 10 mm, 20 mm, 30 mm, 40 mm, 50 mm and 60 mm) away from the
fibre optic were recorded. This gave a visible profile of how the intensity of each
source behaved with distance and discover the size of the near field and far field
with the current set up.

The overall peak intensity output could also be measured by examining
these spectra; this was carried out by integrating the peak wavelength for the full-
width at half-maximum (FWHM i.e. 50% bandwidth) [12]. To verify the
measurement method the intensity was also measured using the Solar Light

PMA2100 radiometer. This technique is presented in section 2.3.5.

2.3.5 UV light intensity using Solar Light radiometer

In order to allow for optimum conditions for photopolymerisation it is
important to know the light intensity emitted by each source, the nature of the
output beam and how the intensity behaves over distance. There are many inherent
difficulties that arise when inter-comparing light sources that have different
shapes, sizes, output spectra and colour temperature. These differences can be
minimised by reducing as many of the variables as possible and checking the

results against a calibrated broad band calibrated radiometer [12].
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Once again the intensity of the LEDs were recorded using a Solar Light
PMA2100 radiometer with the PMA 2107 UVA/B detector attached, while the
intensity of the fluorescent lamp was measured using the oscilloscope set up
detailed earlier and in published literature [12]. These voltage readings were then
converted to intensity values allowing for a direct comparison of the output

intensity for each source.

2.3.6 Intensity at Different Distances

Another factor to be considered when designing the photopolymerisation
set up was at what distance to place the light sources from the monomer sample.
Intensity against distance studies for each light source were previously recorded
using the Ocean Optics spectrometer (section 2.3.3). However as a comparison
the intensity-distance relationship was also recorded using the Solar Light
radiometer. To observe how intensity varied with distance each light source was
moved away from the detector in steps of 5 mm to a maximum distance of 50 mm,

recording the intensity at each step.

2.3.7 Beam Uniformity

As the fluorescent lamps produce irradiation over a wide area it can be
presumed that this irradiation is uniform. However it is not certain what effect the
presence of the lens on the single LED would have on uniformity. To see what, if
any, effect the front lens optics would have the beam uniformity of this LED its
spatial output was measured using a CCD camera and analysed using MatLab
software. The spatial output of the other light sources was not investigated as it

was confident that they would behave well as no optics were present.
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2.4 Conclusion

When choosing ideal light source specifications for industrial processes,
such as contact lens photopolymerisation, a number of factors need to be
considered. These include warm up time, stability, wavelength range and peak
wavelength output. In this study each of these specifications among others were
investigated for each light source used. A number of different experimental
techniques were used to measure these properties, reducing variables for best
possible intercomparison. The results of these experimental techniques are

discussed in chapter 3.
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Chapter 3 Result for light source characterisation

3.1 Introduction

In this chapter detailed accounts of the light source specifications required
for photopolymerisation, and those achieved with the fluorescent lamp, the single
LED and the LED array used in this research are given. The emission
characteristics of the newer UV-LEDs that became available later in research are
discussed in chapter 6. A number of different techniques, discussed in chapter 2,
were utilised to characterise the properties of the light sources.  For
photopolymerisation processes it is important that the light source emits the
majority of the output intensity at the key photopolymerisation wavelength with
high efficiency and constant output while displaying a rapid start-up. As each
source was fully characterised the results allowed for an intercomparison of how
each source behaved and comparisons made for the given specifications outlined
in table 2.1. No one light source satisfies all the conditions of an ‘ideal” source as
listed in table 2.1 as with all optical designs a compromise must be made.
However it is proposed that the novel UV-LED sources used in this study exhibit
more of the ‘ideal’ specifications listed than the traditionally used fluorescent

lamps [1].

3.2 Continuous or modulated light output

Figure 3.1 compares the AC output nature of the lamp to the stable DC
nature of the LED array as measured using the Solar Light PMA2100 radiometer
coupled directly to an oscilloscope, therefore avoiding the slow 1 s sampling rate

of the Solar Light radiometer electronic read out module. In this figure the output
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intensity of the fluorescent lamp is repeated approximately every 20 ms,
corresponding to a frequency of 50 Hz, which is the frequency of mains electricity
in Treland. Although it has not been investigated what effect a delivered AC UV
dose has on the photopolymerisation process it is expected to be insignificant as
the switching time of the AC source is so short (order of milliseconds) compared

to typical photopolymerisation times which are of the order of 100 s [1].
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Figure 3.1: Temporal nature of output light intensity, showing the oscillating AC

output nature of fluorescent lamp and the stable DC nature of LED.

3.3 Warm up time, long term stability and lifetime

Ideally for photopolymerisation processes a light source would exhibit a
very rapid on/off characteristic; this would allow for a minimum warm up time

and permit the light source to be used immediately after switch on reducing the
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activation time required prior to curing. Typically a 30 minute activation time is
required before fluorescent lamps can be used in a photopolymerisation process.
Minimising this activation time would lead to savings in time, energy and money
for the manufacturer. Figure 3.2 shows the output stability for the three light
sources over an 8-hour period, with the first hour of warm up time inset. From
these results it can be seen that the lamp has a warm up time of approximately 120
minutes while the LED array took approximately 30 minutes for its intensity to
stabilise. Although this is not ideal it is four times faster than the lamp. However
from the single LED it can be seen that it is possible for a UV emitting LED to
stabilise almost instantaneously after switch on. This LED reaches its maximum
intensity output almost instantly and emits at constant output over time. To
understand why the LED array did not instantly emit at a constant output its
temperature was recorded using a thermocouple, during this warm up time (figure
3.3). It was found that the LED array intensity output stabilised when the
temperature stabilised. The reason for this unexpected behaviour is due to the
thermal-electric characteristics of this LED array [1]. It has been reported that the
thermal-stability of LEDs varies depending on the type of material used to
manufacturer them [2]. This problem may have been overcome by applying a
larger heat-sink to the LED array, as this would allow the temperature of the LED

array to stabilise more quickly.
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Figure 3.2: Intensity stability and warm-up time of lamp, the single LED and the

LED array.

Another area that is of interest to manufacturers is the lifetime of the light
source. The problem with lifetime measurements is the long duration of the tests,
for example 100,000 hours is over 11 years 24/7 continuous operation making it
impossible to undertake lifetime measurements for this study. However, it has
been reported that fluorescent lamps have a lifetime of between 2,000 and 10,000
hours [3, 4]. In 1996 LEDs had an operational lifetime of only a few hours [5].
However it has now been reported that LEDs have a lifetime of between 50,000 to
100,000 hours [6, 7]. Although this is not infinite it is a considerable increase on

the lifetime of the lamps currently being used.
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Figure 3.3: Thermal stability of LED array.

3.4 Intensity -v- Current

Due to their set up the output intensity of the LEDs could be varied by
varying current. It was not possible to vary the intensity output of the fluorescent
lamp as due to its nature the lamp is either ‘on’ or ‘off’. To obtain intensity-
current graphs for each LED the output irradiance was measured using the Solar
Light radiometer at a fixed distance (10 mm) over a range of currents from 0 mA
to the maximum specification current. It was expected that for each LED the
maximum output irradiance would occur when the LEDs were run at maximum

current specified by the manufacturers.
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3.4.1 Single LED

To examine the relationship between current and the amount of UV
radiation being emitted by the single LED the current was altered from 0 mA to
12 mA. The current was measured using an ammeter while the intensity was
recorded using the Solar Light detector. From figure 3.4 it can be seen that the

intensity increased linearly at low current and at currents above 10 mA the output

of the LED behaves well.
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Figure 3.4: Current -v- Intensity profile for single LED.

34.2 LED Array

For the LED array the current was altered from 0 mA to about 200 mA.

The corresponding voltage across the LED was measured, as was the intensity
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emitted. Figure 3.5 shows how the output of this LED increases with increasing

current. This LED did not increase linearly like the previous LED.
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Figure 3.5: Current -v- Intensity profile for LED array.

3.5 Spectral characterisation of light sources

Photopolymerisation is achieved by adding a light sensitive compound
(photoinitiator) that is activated by light of an appropriate wavelength. As the
light energy (usually UV) is emitted it is absorbed by the photoinitiator causing it
to fragment into its reactive species inducing photopolymerisation. ~ As
photoinitiators are wavelength dependent it is important to know the spectral

output and peak wavelength of the light source so that the emission spectrum of
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the light source can overlap with the absorption spectrum of the photoinitiator.

This section is concerned with measuring and comparing these properties.

3.5.1 Variation in intensity along the length of the fluorescent lamp

As explained in section 2.3.3, an area of the fluorescent lamp the same
diameter of the LED array was masked off, to make their output fields reasonably
similar. To find what section of the lamp had the highest intensity for
repeatability and therefore the section to leave exposed, the Solar Light radiometer
was used to measure the intensity along the length of the tube. Figure 3.6 shows
how the intensity varies along the length of the bulb, with 0 mm corresponding to
the insertion part of the lamp (i.e. the piece that insets into the ballast). From this
graph it can be seen that the highest output intensity from the lamp was found at a
distance of 50 mm from the insertion point. Therefore it was this point along the

bulb that was left exposed and where all future measurements were taken.
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Figure 3.6: Intensity output along length of fluorescent lamp

3.5.2 Spectral output and peak wavelength

Figure 3.7 shows the output spectra of the fluorescent lamp at different
distances as seen by the Ocean Optics spectrometer (discussed in section 2.3.3).
From this data it was found that the lamp had a maximum wavelength peak of 372
nm and emitted peaks over a wavelength range of 350 nm to 625 nm. The
manufacturers stated this source as having a peak wavelength of about 370 nm.
Note that there are also several peaks (405 nm, 436 nm, 547 nm and 579 nm)
emitted in the visible region which are not required for the current
photopolymerisation industrial processes. The peak at 372 nm is the main peak of

interest for this process.
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Several UV-LED370-10 ball lens single LEDs, which according to the
manufacturers had a peak wavelength of 370 nm, were examined to get a typical
peak wavelength and spectral output. These LEDs were found to emit over a
wavelength range of 360 nm to 414 nm (figure 3.8) but unlike the lamp had only
one peak wavelength, which occurred at 377 nm. The manufacturers stated the
LED array as having a peak wavelength of 375 nm emitting over a wavelength
range of 365 nm-385 nm. Using the Ocean Optics set up the LED array was
found to have one peak wavelength at 382 nm over a range of 360 nm to 420 nm
(figure 3.9). While the measured peak wavelength of each LED did not exactly
match those stated by the manufacturers a + 10 nm variance is acceptable
according to the manufacturers [8].

From these results it was observed that the lamp also emits radiation in the
visible region while the LEDs did not. This is one of the advantages that LEDs
have over fluorescent lamps; they emit radiation at the required wavelength
without producing any unnecessary radiation in other regions. And since only
wavelengths where the photoinitiator absorbs are useful for photopolymerisation
(as it is this absorption that promotes the molecule to an excited state leading to
the production of free radicals [9]), this makes LEDs very desirable for use in
curing process. It can also be seen that the single LED has a lower output
intensity compared to the fluorescent lamp and the LED array. The LED array
has a higher intensity than the lamp at the required wavelength for
photopolymerisation. As the amount of radiation being emitted has an effect on
the photopolymerisation process [10, 11] it is important to know the output

intensity of the sources. This specification is discussed in section 3.5 and 3.6.
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Figure 3.9: Spectral output of the LED array at different distances as seen by

Ocean Optics spectrometer.

3.6 UV light intensity

3.6.1 Intensity as measured using Ocean Optics spectrometer

As photopolymerisation is not only dependent on wavelength but also on
intensity [10, 12] it is important to know the intensity of each light source
irradiating the monomer sample. The previous spectral output spectra (figures
3.5-3.7) were used to measure the intensity at a certain distance. Figure 3.10
shows the relative spectral output of each light source at a distance of 50 mm as
obtained using the Ocean Optics spectrometer (section 3.4.2). On examining the
fluorescent lamp spectrum, it was found to have a peak intensity output at 372 nm
of 0.15 W/m2, while the single LED has a peak intensity of 0.32 W/m” at 377 nm,

At first glance the intensity of the single LED at 50 mm appears to be similar to
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that of the LED array whose output intensity is approximately 0.30 W/m? at 382
nm. However on closer inspection the LED array has a wider bandwidth, with a
full-width at half-maximum (FWHM i.e. 50% bandwidth) of 20 nm compared to a
FWHM of just 13 nm for the single LED. This meant that the output intensity of
the LED array will in fact be higher than the single LED as its output is over a
wider spectral range. It should be noted that the spectral resolution of the fibre
optic spectrometer used was less than 3 nm which is more than adequate to
determine the bandwidth of the lamp and LED peaks examined [13].

The output intensity values for each light source were obtained by
integrating under the FWHM area. The peaks emitted by the fluorescent lamp in
the visible region are not included in this calculation, as they do not affect the
photopolymerisation process; however energy is lost in these sidebands which do
not occur in the LED. Using this principle the output intensity of the fluorescent
lamp was found to be approximately 1.5 W/m? (for 372 nm peak only), while the
intensity of the single LED was calculated to be 2.13 W/m?. The LED array had
the highest output intensity of 2.90 W/m?. It was not expected that the single LED
would be more intense than the fluorescent lamp, especially when considering
figures 3.7 and 3.8 where the fluorescent lamp clearly has a higher output
intensity than the single LED. One reason that explains this difference is that the
intensity value of the lamp does not take into account the other wavelengths
emitted by the fluorescent lamp, if the other wavelengths were included in this

calculation naturally the overall intensity value would increase.
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Figure 3.10: Relative spectral output of each light source at a distance of 50 mm.

3.6.2 Intensity as measured using Solar Light radiometer

The previous calibrated spectrometer was used to show the relative
spectral output, from which intensity could be calculated, as a comparison to these
intensity values the intensity of each light source was also measured using the
Solar Light PMA2100 radiometer. The Solar Light radiometer allowed for the
total UV radiation output to be directly measured without having to integrate
under the graphs. For these readings the light sources where held at the same
distance of 50 mm away from the PMA2107 UVA/B detector. Using this
technique the fluorescent lamp was found to have an intensity value of 2.46 £0.5
W/m? at the masked off area, while intensity values of 1.51 £0.5 W/m?* and 2.76

+0.5 W/m? were found for the single LED and the LED array respectively.
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However as the spectral response of the PMA2107 UVA/B s detector drops off
above 365 nm (figure 2.7), the intensity values obtained for each light source
using this detector had to be corrected for this spectral response. When corrected
for the spectral response of this detector the intensity of the lamp was found to be
2.70 +£0.5 W/m>, the single LED had an intensity output of 2.16 +0.5 W/m?, while
the LED array had an output intensity of 5.52 £0.5 W/m?. These values are of the

same order of magnitude as those measured using the Ocean Optics spectrometer.

3.6.3 Beam uniformity of LED with lens

As the presence of the front end lens on the single LED affect its output
characteristics it was then decided to see how the lens affected beam uniformity.
For this, the spatial output of this LED was recorded using a CCD camera. Figure
3.11 (a) and (b) show an image of the single LED as captured by the camera. In
both of these images a dimple can be seen in the middle of the LED image.
Although the dimple size is quite small, accounting for about 20 of the 250 digital
numbers, it is something that should be taken into account when choosing an
LED. This may make LEDs that have lenses unsuitable for photopolymerisation
processes as the output field is not uniform and complicates matters. This feature
requires further research but as this LED was the only light source that had a front
lens it was not necessary to measure the beam uniformity of the other two sources

as it was confident that they would behave well.
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Figure 3.11 (b): Cross-section image of low output LED (axis in digital units)

70



3.7 Conclusion

This study used two different techniques to characterise and compare the
optical properties of the fluorescent lamp, the single LED and the LED array. The
Ocean Optics IRRAD2000 calibrated spectrometer was used to show the relative
spectra of each light source from which the intensity at each Amax Was calculated,
using FWHM. The Solar Light PMA2100 radiometer was also used to measure
the amount of radiation being emitted from each source but this technique had the
advantage of allowing for a direct measurement of the total UV radiation emitted.
As these two systems are vastly different it was not known if the intensity values
obtained using the two techniques would be comparable. However on analysis it
was established that the two gave intensity values that were of the same order of
magnitude.

Tt was found that the three light sources had a similar Ayax With all three
emitting in the UV region of the EM spectrum, which is the required range for
photopolymerisation. The fluorescent lamps also emit radiation in the visible
region while the LEDs do not. This is one of the advantages that LEDs have over
fluorescent lamps; they emit radiation at the required wavelength without
producing any unnecessary radiation in other regions. And since only
wavelengths where the photoinitiator absorbs are useful for photopolymerisation
this makes UV-LEDs very desirable for use in photopolymerisation processes.

The experiments to measure warm up time and stability found that the
fluorescent lamp took a significantly long time to stabilise, while the LED array
produced constant output intensity four times quicker than the lamp. It was also

shown with the single LED that it is possible to obtain UV-LEDs with
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instantaneous warm up times. Minimising this activation time would lead to
savings in money, energy and time for the manufacturer and therefore is of
importance to them.

Although the intensity values obtained for each source using the Ocean
Optics spectrometer and the Solar Light radiometer compare well it should be
noted that there is an inherent error involved when comparing the different light
output fields of the lamp and the LEDs. Different detection systems (i.e. Ocean
Optics IRRAD2000 and the PMA2107 UVA/B detector) see the sources and their
corresponding light fields and this should be taken into account when comparing
the values obtained [1].

Table 3.2 gives an account of the specifications for an ideal light source
compared to the specifications identified for each light source used in this study.
No one light source satisfies all the conditions of an ‘ideal’ source, listed in table
2.1. Therefore a trade off is required and a light source must be chosen on what
specifications are more important to fulfil the idea of an ‘ideal’ light source.
However this study did show that the currently available UV-LEDs used in this
study exhibited some of the ‘ideal’ specifications while being comparable to the
currently used fluorescent lamps in terms of intensity, maximum peak wavelength
and spectral output. The next stage was to investigate if UV-LEDs could initiate a
photopolymerisation process and produce a degree of cure similar to that
produced with the fluorescent lamps. If that was found to be the case UV-LEDs
could be used as a more reliable and more efficient source of UV radiation in

photopolymerisation processes.
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Table 3.2: Comparison of the ideal light source specifications to the actual

specifications.
Specifications Ideal Fluorescent
Lamp
AC/DC Continuous AC
output
Warm-up Instantaneous ~120 mins
Time switch on
Stability Continuous Stable after
stable output warm up
time
Useful Limitless 2,000 hours
Lifetime
Current -v- Maximum light Fixed
Intensity output for
minimum
electrical power
in
Wavelength ~ Emits only over Emits
range A range needed radiation
for over a broad
photopolymeri- range
sation
Peak Emits only one Has many
wavelength peak at required peak As
A for
photopolymerisat
ion
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Single
LED
DC

Almost

instantaneous
Stable after

switch on

Not
measured
Maximum
value at
minimum
input
Emits over

narrow
bandwidth

one Amax

LED
Array
DC

~30 mins

Stable after
warm up
time
Not
measured
Maximum
value at
minimum
input

Emits over

narrow
bandwidth

one Amax
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Chapter 4 Experimental: Investigation of UV sources for

photopolymerisation applications

4.1 Introduction

The characterisation of the curing process in this research uses well
established spectroscopy techniques. The UV and visible absorption properties of
each of the photoinitiators used in this research was measured using UV/vis
spectroscopy. This is an important aspect to this research as the absorption
spectra give an indication where in the EM spectrum each photoinitiator will
absorb. These absorption spectra can also be used to calculate the molar
absorptivity (1) which is also of importance as it gives an indication how much
light of a particular wavelength each photoinitiator will absorb.

After the identification of suitable photoinitiators the degree of conversion
or percentage cure achieved with each light source was calculated. Two
vibrational spectroscopy techniques, infrared (IR) and Raman were employed to
analyse the polymerisation process. Both techniques allow the degree of
conversion to be recorded by monitoring the disappearance of the characteristic
spectral peaks (e.g. C=C at 1636 cm’") upon exposure to UV radiation. Initially,
the concept needed to be proven, i.e. could UV-LEDs be used in the
photopolymerisation process? After which the effect on percentage cure using
different light sources was investigated fully.

All three spectroscopic techniques presented in this chapter were of great
importance as they gave information on the curing profiles of the HEMA samples

and allowed for an intercomparison between the expected and determined cure
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profiles achieved with the newly developed UV-LEDs and the traditionally used
fluorescent lamp. These initial findings then allowed for an investigation into the

thermomechanical properties of pHEMA, which is discussed in chapter 6.

4.2 Electronic and Vibrational Spectroscopy

4.2.1 Electronic Absorption Spectroscopy

UV/vis absorption spectroscopy is a measurement of the wavelength
against intensity of absorption of ultraviolet and visible radiation by a sample. It
works by probing the electronic transitions of molecules as they absorb such
radiation. When a molecule absorbs EM radiation of appropriate wavelength it
causes a transition in the electronic energy levels of a molecule and results in the
promotion of an electron from the ground state into a higher energy state. The
absorption will occur if the energy of the photon corresponds exactly to that of the
transition. The absorption of a sample at any particular wavelength causes a
reduction in the light intensity falling on a photoelectric detector. This causes a
reduction in the signal from the photoelectric device, after which an absorption
curve relating wavelength and absorption is plotted [1, 2].

For absorption spectroscopy, the intensity of the incident radiation
decreases when it interacts with the molecules. The extent to which the radiation
reacts with a particular species at a certain wavelength depends on the
concentration of the species and on the path length of the sample [2]. The
absorption of the radiant energy by a species can be described using the general
principle known as the Beer-Lambert law [3]. This law states t