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ABSTRACT

Because of the current economic situation, many attempts have been made to
produce locally made product. At present, Thai orthodontists use imported orthodontic
elastomeric ligatures. But recently, with the cooperation of the Faculty of Dentistry at
Mabhidol University and the National Metal and Materials Technology Center (MTEC),
the first Thai clear orthodontic elastomeric ligatures were locally produced. This
ligature was given the brand name “Thai”. The purpose of this study was to determine
the in vitro properties of Thai orthodontic elastomeric ligatures in comparison to
imported ones (Dynaflex, Unitek, Ormco and W&H). The methods were employed
according to ISO 21606:2007 and ISO 10993-5:1999, the international standard of
elastomeric auxiliaries for use in orthodontics and cytotoxic evaluation of dental
materials. Dimension, initial extension force, relaxation force and cytotoxicity were
determined. One-way ANOVA (P<.05) was used to compare significant differences in
the level of these properties among the five brands of orthodontic elastomeric
ligatures. According to ISO 21606:2007 and ISO 10993-5:1999, the properties of Thai
orthodontic elastomeric ligatures met the standards. Thai orthodontic elastomeric
ligatures had a significantly greater cross-section thickness and inner diameter while
Unitek had a greater outer diameter. The mean initial extension force at three times of
inner diameter was 2.004, 2.304, 2.535, 2.371 and 2.309 N. for Dynaflex, Unitek,
Ormco, W&H and Thai, respectively. Thai and Unitek were not significantly different
in mean initial extension force. In relaxation force at 24 hours, the mean percentage of
force loss was 27.38, 41.49, 48.35, 46.62 and 36.18 for Dynaflex, Unitek, Ormco,
W&H and Thai, respectively. Regarding the percentage of force loss, the Thai
produced ligatures were the second best among all brands. Cytotoxic evaluation by
MTT assay showed that Dynaflex, Unitek, Ormco and Thai had no toxicity while
W&H had mild toxicity.

This study suggests that Thai can produce suitable alternative orthodontic
elastomeric ligatures. Also, this study could serve as a guide for further development
of Thai orthodontic elastomeric ligatures.

KEY WORDS: ORTHODONTIC ELASTOMERIC LIGATURES/ INITIAL
EXTENSION FORCE/ RELAXATION FORCE/ CYTOTOXIC
EVALUATION
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CHAPTER1
INTRODUCTION

Elastomer is a general term that encompasses materials that, after substantial
deformation, rapidly return to their original dimensions. The elastomeric modules
were first introduced to orthodontics nearly three decades ago and have gained almost
universal acceptance by the profession. The most popular elastomeric products are
used in orthodontics as ligatures for the engagement of teeth. At present, orthodontists
prefer to use elastomeric ligatures rather than stainless steel ligatures wires because
they can be easily applied, are comfortable to the patient, and available in a variety of
colors. However, some disadvantages are that the dentition and soft tissues may be
adversely affected by microbial accumulation on the tooth surfaces adjacent to
brackets ligated with elastomeric ligatures, arch wires may not completely seat during
torquing or rotational corrections, and binding may occur with sliding mechanics (1,2).

Elastomeric ligatures are manufactured in two basic forms: injection molded and
cut. The injection molded ligatures are made by injecting liquefied elastomeric
material into a mold and curing, whereas the cut ligature is sliced from previously
processed elastomeric tubing. Advertised characteristics about elastomeric ligatures
include: continuous gentle forces, consistent long-lasting arch wire seating, water
sorption resistance, and shape memory properties. However, significant factors include
the initial extension force, relaxation force and biocompatibility. The force exerted by
an elastomeric ligature appears dependent on the magnitude of the initial force, the
duration that the force may be applied, and the decay rate of the ligature. The clinician
has control over the initial force with the selection of appropriate ligature for the
clinical situation and duration of use (3).

At present, many orthodontic companies import orthodontic elastomeric ligatures
for the Thai orthodontic market. Unfortunately, no orthodontic elastomeric ligatures
are produced in Thailand. Therefore, elastomeric ligatures have to be imported and

marketed by many companies. Moreover, the choice and decision to use depends on
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the advertisement of each company because of the lack of comparison studies of the
properties.

Recently, with co-operation from the Faculty of Dentistry Mahidol University
and the National Metal and Materials Technology Center (MTEC), the first Thai
orthodontic elastomeric ligatures have been produced. It is hoped that if the Thai
orthodontic elastomeric ligatures properties are compatible with or better than those of
overseas orthodontic elastomeric ligatures, Thailand would become one of the leaders
in the field of orthodontic elastomeric ligatures production due to its advantage of
available technology and lower labor costs.

Accomplishment of orthodontic treatment requires an appropriate force applied
to teeth that leads to the maximum rate of tooth movement with minimal adverse
effects on the teeth. In order to control the force, orthodontists must understand the
action of orthodontic devices. Knowledge of the properties of orthodontic elastomeric
ligatures may help orthodontists in selecting ligatures for particular treatment in

appropriate ways.
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CHAPTERIII
OBJECTIVES

Objectives of the study

This study was designed to investigate in vitro mechanical properties of Thai
orthodontic elastomeric ligatures by measuring initial extension force, relaxation force
and to compare mechanical properties and cytotoxicity between Thai and commercial

orthodontic elastomeric ligatures.

1. To determine initial extension and relaxation force of Thai orthodontic

elastomeric ligatures according to ISO 21606:2007 requirements (4).
2. To determine cytotoxicity of Thai orthodontic elastomeric ligatures
according to ISO 10993-5:1999 requirements (5).

3. To determine and compare initial extension force, relaxation force and
cytotoxicity of Thai orthodontic elastomeric ligatures with those of the commercial

orthodontic elastomeric ligatures.

Statements of hypothesis

1. The level of initial extension force and relaxation force of Thai orthodontic
elastomeric ligatures are in limits described by ISO 21606:2007 requirements.

2. The cytotoxicity of Thai orthodontic elastomeric ligatures are in limits
described by ISO 10993-5:1999 requirements.

3. No statistically significant differences will be found in initial extension force
and relaxation force among Thai orthodontic elastomeric ligatures and commercial

orthodontic elastomeric ligatures.
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The expected benefits of this study

1. This study is a guideline for the further development of Thai orthodontic

elastomeric ligatures

2. If mechanical and biological properties of Thai orthodontic elastomeric
ligatures are found to comply with ISO 21606:2007 and ISO 10993-5:1999
requirements, Thai products can be an alternative for imported orthodontic elastomeric

ligatures.

3. This study will provide scientific data for clinicians and technicians in the
manipulation of orthodontic appliances that are influenced by the properties of

orthodontic elastomeric ligatures.
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CHAPTER III
LITERATURE REVIEW

The first use of elastomeric ligatures in orthodontics was introduced three
decades ago (6). Since then, elastomeric ligatures have been used to constitute the
major medium engaging the archwire to a bracket slot. Elastomeric ligatures are
routinely changed every 4-6 weeks during treatment for optimal clinical benefit (7).
Miethke et al. (8) indicated that elastomeric ligatures would need to be replaced even
sooner, although the forces of elastomeric ligatures exerted on fully engaged arch
wires are not as high as those for of stainless steel ties (9, 10). At present, clinicians
prefer the use of elastomeric ligatures over stainless steel ligature wires for several
reasons, including their ease of application, patient-friendly nature, aesthetic

appearance and attempt to improve patient motivation towards their orthodontic

i

treatment.

Figure 3.1 Orthodontic elastomeric ligatures

Thermoplastic elastomers

The application of rubber began with the discovery of vulcanization by Charles
Goodyear in 1839 (11). He added sulfur and basic lead carbonate to natural rubber,
heated the mixture, and thus changed the material from a toy or unsatisfactory
weatherproofing material to a useful product still in use today. Since that time, many

developments of basic chemistry of rubber and of vulcanization methods have
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occurred to increase its tensile strength, tear resistance, heat resistance, and aging
resistance (12).

In the 1920s, the lack of natural rubber caused the invention of synthetic rubber
polymers developed from petrochemicals. However, they have a weak molecular
attraction consisting of primary and secondary bonds. Cross links of primary bonds
are maintained at a few locations along the molecular chains. The release of the
extension will allow for a return to a passive configuration provided the distraction of
the chains is not sufficient to cause rupture of these primary bonds. If the primary
bonds are broken, the elastic limit has been exceeded and permanent deformation
occurs.

Synthetic polymers are very sensitive to the effects of free radical generating
systems, notably, ozone and ultraviolet light. The exposure to free radicals results in a
decrease in the flexibility and tensile strength of the polymer. Manufacturers have
added antioxidants and antiozonates to retard these effects and extend the shelf life of
polymers (13).

Polymers can be classified into three categories: Thermoplastic, Themoset and
Rubber or Elastomer. The distinct property of Thermoplastic material is that it can be
melted and transformed when being heated and becomes hard when it has cooled
down. The transformation can be easily done and is able to be melted and reshaped.
Thermoset and Rubber must go through chemical chain reactions of their molecules
(e.g., the vulcanization at high temperature in the case of rubber). This makes it
unable to be reformed. To transfigure rubber, it must go through at least three steps in
processing, that is to mix the chemical compound, to mould for the model and to
vulcanize, which are more complicated processes than those Thermoplastic.

Thermoplastic elastomers come from two terms, Thermoplastic and Elastomer.
This material was found more than 50 years ago from the synthesizing of Block
copolymer, which is composed of elastic and solid polymer sectors (14). The meaning
of Thermoplastic elastomers is the polymer that is transformed and processed like
plastic at high temperature, but its property is still the same as rubber or elastomers at
usage temperature. Many of the thermoplastic elastomers have a block copolymer
structure (Fig 3.2). Block copolymer contains rigid thermoplastic and soft thermoset

polymer segments within the polymer chain. The rigid segments provide melt
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processibility while the flexible rubber segments provide the elastomeric

properties(15).

Figure 3.2 Structural morphology of a block copolymer

The processing of natural rubber or synthetic rubber starts by the rubber formula
which contains rubber and various chemicals, i.e., fillers, curing vulcanizing agent.
Then it is followed by a shaping process and vulcanization process in order to stabilize
the rubber and desired property. During the process, scraps, which cannot be recycled,
are created.

The processing of Thermoplastic elastomer is the same as plastic, which starts by
melting and shaping processes. Its scrap can be recycled. Thus it can reduce expense
and time in production. Because the product has properties similar to rubber, it cannot
be determined whether it is made from rubber or thermoplastic elastomer. Moreover, it

is colorful and emits no chemical smell (Fig.3.3) (16).

CONVENTIONAL V5. THERMOPLASTIC
RUBBER PROCESSING

GUM RUBBER — o
EXTENDERS [ SHAPIN FINAL
: —_— M!!mal FORMING VULCANIZATION
FILLER?s |_ I' {LOING "I“ ) I ~ PRODUCT

SCRAP GCRAP BORAP

CONVENTIONAL RUBBER PROBUCTS

THERMOPLASTIC i FINAL
RUBRER — SHAPING L D
(PELLETS) l e
REQYCLE

THERMOPLASTIC RUBBER PRODUCTS

Figure 3.3 Processing of conventional rubber and thermoplastic rubber
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Variable TFE Thermoset
'Fabrication Rapid (seconds) Slow (minutes)
Scrap Reusable High percentage

waste
Curing agents None Required
Machinery Thermoplastic Vulcanizing
equipment equipment
Additives Minimal or none MNumerous processing
aids
Remold parts Yes Impossible
Heat sealing Yes No

Figure 3.4 Processing advantages of thermoplastic elastomers over thermosets

Thermoplastic elastomers consist of molecular chains of hard and soft domains.

At a high temperature, the hard domains change, thereby enabling the thermoplastic

elastomers

to flow. When cooled, hard domains solidify and relent their good

properties at the working temperature. Soft domains, on the other hand, allow

thermoplastic elastomers to be elastic as elastomers (17).

Types of Thermoplastic Elastomers

l.
2.
3.

Thermoplastic Polyurethanes (TPUs)

Styrenic Thermoplastic Elastomers (S-TPEs)

Thermoplastic Polyether Ester Elastomer or Copolyesters (COPEs)

Thermoplastic Elastomers Based on Polyamides (PEBAs) or Copolyamides

(COPAs)

Thermoplastic Polyolefins (TPOs)

Thermoplastic Vulcanizates (TPVs)

Thermoplastic Natural Rubber (TPNR)

Various products are manufactured from thermoplastic elastomers such as

automobile parts, screw drivers, sports equipment, shoes and toothbrush handles.

Moreover, thermoplastic elastomers are also used for medical equipment (17). In the

field of orthodontics, a variety of thermoplastic elastomers are used such as

elastomeric thread, elastomeric chains and elastomeric ligatures.
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Chemical Structure

Elastomeric ligatures are thermoplastic polyurethanes whose exact compositions
are a commercial secret. Polyurethane is a generic term given to elastic polymers that
contain urethane linkage and thermosetting polymer products of a step reaction
polymerization process, possessing a «(NH)—(C=0)—O- unit (18). Polyurethanes are
not direct polymers of urethane, but are synthesized through a process of reactions of
low molecular weight polymers, usually polyesters or polyethers (3) and then reacted
with aromatic diisocyanates to yield a prepolymer.(Fig.3.5) This elastomer is

vulcanized through isocyanate groups by reaction with alcohols or glycols (6).

DIOL DIISOCYANATE URETHANE
HOROH + D=C-NQX=C0Q -——F HORO-CN-(N=C=0

i1l
OH

Figure 3.5 Chemical structure of polyurethane

Thus structure of polyurethane consists of hard and soft flexible segments. Hard
segments are composed of hydrogen backbone and another polyurethane chain, which
are light cross-linked structures. Soft segment are twisted polyester or polyether,
which will be stretched by loaded force (Fig.3.6). These products are not ideal elastics

and are affected by duration of force and environment (13).

~ Hard segments
urethanes hydrogen
bonded to one another

Soft flexible
?\'(‘_‘T’,I}'I('ill.\
polyesther or polyether

Figure 3.6 Structure of polyurethane
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Polymers possessing rubber-like elasticity have long-chain, lightly cross-linked
structures. The restoring force leading to this type of elastic behavior is the result of a
decrease in entropy associated with the distortion of a macromolecular chain from its
most probable conformation. However, the local mobility of the chain segments must
be restricted in order for the polymer to return to its original shape, since the
irreversible movement of chain passing one another will cause permanent deformation

of the material (6).

The glass transition temperature (TQ)

The glass transition temperature (Tg) is a fundamental property of polymers. It is
defined as the temperature at which a plastic softens such that molecules can begin to
flow. Elastomeric materials are lightly cross-linked and undergo a glass transition
below room temperature. Below the glass transition temperature, elastomers are
relatively rigid or in a glassy state, whereas above the glass transition temperature
these materials possess a rubbery state and are highly flexible with thermal activation
of the polymeric backbones and side chains. The difference in energy between the
rigid and rubbery states corresponds to the increased amount of molecular motion
experienced by the polymer after undergoing the glass transition temperature. Below
the glass transition temperature, the molecular motions are primarily vibrational,
permitting little flexibility. Above the glass transition temperature, coordinated
molecular motion occurs, allowing the material to become rubbery. The higher the
glass transition temperature, the more rigid the polymer is associated with greater

force delivery, in the other words, with a higher value of elastic modulus (6).

w Classy
Region

Leathery

Hegion Rubbery

Plateau

Flow

Temperature

Figure 3.7 Generalized dependence of the elastic modulus (E) for a polymer upon

temperature
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The primary structural influences on the glass transition temperature are the

composition, the steric interferences such as crosslink or side chain, and the types of

bonding present in the molecules. All of these factors influence molecular motion.

The glass transition temperature of industrial and biomedical polyurethane range from

about -50°C to -80°C (4).

Thermoplastics injection mould

The injection molding process

The injection molding process is a complex process that involves a series of

sequential steps. The different phases of the injection molding process include; the

mold filling phase, the packing phase, the holding phase, the cooling phase, and part

ejection (19).

Mold Filling

Packing

Holding

Cooling

Part Ejection

After the mold closes, the melt flows from the injection unit of
the molding machine into the relatively cool mold through the
sprue, the runners, the gates, and then into the cavity.

The melt is pressurized and compressed to ensure complete
filling and detailed surface replication.

The melt is held in the mold under pressure to compensate for
shrinkage as the part cools. Holding pressure is usually applied
until the gate solidifies. Once gate solidification occurs, melt
can no longer flow into the cavity.

The melt continues to cool and shrink with no shrinkage
compensation.

The mold opens and the cooled part is then stripped from core

or cavity, in most cases using a mechanical ejector system.
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Clamping Injection Cooling Ejection

Figure 3.8 Injection moulding process

When the hot polymer melt flows into a cold mold cavity, it freezes rapidly to
form a skin (a thermal boundary layer) from which solidification continues, gradually
moving toward the center of the cross section. During solidification and cooling, the
specific volume of the material decreases continuously as a function of temperature
and pressure. Because the temperature and pressure vary from location to location in

the mold and also with respect to time, the rate of shrinkage varies and; therefore, it is

rather difficult to compensate for (20). A method to minimize shrinkage in amorphous
polymers during postfilling stages has been suggested by Hellmeyer and Menges (21)
through the process control of pressure in the cavity. For crystalline materials, the
situation is rather complicated and depends on the kinetics of the rate of crystallization.
Simulation of flow behavior of the melts in mold cavities has been the subject of

investigation for over three decades now.

Injection moulding machine

Injection moulding is one of the most important methods of manufacturing
thermoplastic products. Through the development of sophisticated microprocessor
control system, the modern injection moulding machine is capable of producing
precision mouldings with close tolerances in large numbers and with excellent
reproducibility. Injection moulding machines are manufactured in many designs and
configurations, often suited specifically to their intended application. Many
contributing factors have to be taken into account before a mould can be designed to

function in a given design of machine. In order to select a machine mould design
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combination and to realize the full potential of the process, it is necessary to consider
the following factors (22).
1. Design of the proposed injection moulded component
2. The properties of the raw moulding material
3. Processing requirements in terms of component quality and production
volume

4. Economic viability

The injection moulding machine can be broken down into three basic units.
1. The machine base unit
2. The injection unit

3. The clamp unit

The machine base unit

Often referred to as the machine bed, this provides a mounting frame for the
clamp and injection units. The prime functions of any machine base unit must be
dimensional stability, accuracy and strength. The process of injection moulding
imparts high levels of stress to the unit during use, which have to be absorbed without
undue deformation occurring. The presence of high cyclic stress loadings during
service dictates a rigid heavyweight construction of the unit. Modern machine base
units are generally fabricated from heavyweight steel beams welded together by means
of steel connecting side plates. Due to the relative ease of manufacturing method
employed, the machine design can be readily modified during construction to fulfill

specific requirements as necessary.

The injection unit

The basic function of all machine injection units is that of :melting and
preparation of the polymeric resin; pressurizing and feeding the molten resin to the
mould under controlled conditions. Injection units are usually based upon two distinct
system designs, the plunger and the reciprocating screw designs. The latter is the most

commonly employed on modern moulding machines.
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Figure 3.9 A typical reciprocating screw injection unit

Solid granules of resin are drawn into the screw flights as the screw is rotated by
means of the screw drive motor. Heat is supplied to the resin through the barrel wall
and additionally by friction generated as a result of the shearing action of the screw.
The screw geometry creates a reduction in flight volume towards the front of the barrel
thus compressing the softening resin into a molten phase. This process is often
referred to as the shot or screw cushion.

As the screw rotates, the screw cushion grows in size, forcing the screw to retreat
back up the barrel until the required cushion size is achieved. Once this is obtained,
screw rotation is halted. At this stage the injection unit is said to be primed and ready
for the next operation, known as the injection phase.

To inject the molten resin through the nozzle into the mould, the screw is forced
forward closing the ring valve in doing so. With the ring valve firmly seated shut
against the screw shoulder, the screw cushion is thus pressurized. The cushion
pressure builds until sufficient to force molten resin through the nozzle into the mould
feed system. The applied pressure continues until the mould impression is completely
full of molten resin. This sequence of events is referred to as the injection first stage
or high pressure phase. If the injection first stage is allowed to continue beyond the
mould fill point, overpacking of the moulding will result. Overpacked mouldings
suffer from high moulded-in stress levels resulting in poor component dimensional
stability and inconsistent mechanical properties.

On completion of the first stage of injection, the applied pressure is reduced to a
level sufficient to avoid component overpacking. Conversely, overreduction of
pressure could result in component underpacking, which leads to high component
after-shrinkage and distortion. For the second stage, holding pressure is maintained

until sufficient solidification of the feed system has occurred to allow removal of the



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 15

applied pressure altogether. When the second stage has been completed, the injection
unit can be reprimed in preparation for the next shot.

Metering control of the molten resin during the whole injection cycle is achieved
by controlling the screw movement by adjusting the following variables in
combinations appropriate to the machine:

1. Pressure applied to the screw;

2. Time allowed for movement;
3. Speed of movement;
4

Screw positional control.

The clamp unit

In order to inject the molten resin into the mould under considerable pressure,
the mould must be sufficiently clamped together to resist the applied injection force.
Under-clamping would result in the mould being forced apart creating flash about the
split line. Apart from providing sufficient clamping force for the mould, the clamping
unit is also utilized for mould opening, closing and sometimes component ejection
when required.

Most modern injection moulding machines are hydraulically powered, the
exceptions being the all-mechanical machines and more recently the all-electric
machines at the smaller end of the market. The clamping force, although generated
hydraulically, is transmitted mechanically by various means to the mould via the

moving platen. Many designs of clamping system are commercially used.

Figure 3.10 Injection moulding machine
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Injection mould types

Injection mould design types and configurations vary enormously due to the
many technical requirements of the moulded components to be produced. For this
reason the categorization of mould tool type can only be generally applied. Of all the
mould configurations employed, the two-plate and three-plate mould designs owe their
names to the number of split or parting lines (Fig.3.11) employed within the toll

design.

UNDERSTANDING MOULDS

-plato mould

Figure 3.11 Split line position with respect to the individual mould designs

The two-plate mould

The two-plate mould is the simplest of all the mould design configurations, being
constructed from two distinct half units, the core half and the cavity half. The point at
which the two halves interface is known as the split or part line which divides on
opening of the mould for component ejection purposes. The core half of the mould is
usually an ejection actuation system, which is commonly positioned behind the
moving platen on the moulding machine. The mould ejection system is
correspondingly built into the core half of the mould for actuation purposes. The
cavity half of the mould is therefore attached to the fixed platen of the moulding
machine directly in front of the machine injection unit for material feeding of the
mould. Cooling channels are positioned in both core and cavity components to control
the mould temperature during use.

The main disadvantages of the two-plate mould design are limitations in

component gate positioning when conventionally feeding, lack of available space for
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balanced feeding of multiple cavities and high material waste levels (sprues and

runners).

THE TWO-PLATE MOULD
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Figure 3.12 The two-plate mould

The choice of mould construction method must be carefully considered from the

following points:
1. Complexity of the core or cavity build-up;

Accuracy requirement of the final end product;
Cooling requirement of the moulding;
Mould alignment method;
Size of mould;
Heat treatment requirement;
Mould tool serviceability requirement;

Design flexibility;

A S AR B A

Financial constraints imposed upon project.

Runner and gate design

The feeding of the mould impression is of great importance to the mould design
engineer. The geometry, length, size and volume of the feed system has a direct
influence on the quality and integrity of the moulded component. The path by which
the molten polymer flows through the feed system should always be the smoothest and

least tortuous possible, over the shortest possible flow distance.
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A basic mould feed system comprises three distinct components: the sprue, the

runner and the gate (Fig.3.13).

~— Gate

\— Sprue puller l

(and cold slug well)

Figure 3.13 Basic mould feed system

Runner configuration
The runner configuration design should exhibit the following attributes:
1. Encourage equal pressure transmission to each mould impression;
2. Utilize the shortest possible flow route to each impression;
3. Eject easily from the mould;
4

Use the lowest possible shot weight while functioning adequately.

Two basic design groups of runner configuration exist one of balanced pressure

transfer design, the other of unbalanced design.

Figure 3.14 Balanced (left) and unbalanced (right) runner design configuration

The choice of configuration to adopt is usually dependent on the required quality
of the moulding to be produced. The unbalanced configuration tends to favour the

cavities nearest to the sprue entry point during the initial filling of the mould. In such
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cases overpacking of the mouldings nearest the sprue may occur, whereas
underpacking of the mouldings at the extremities of the feed system may also be
apparent. The resultant mouldings would invariably suffer from unequal individual
shot weights and a chance of size variation will occur. Long-term control of flash
about the component split lines may prove difficult due to the unbalanced filling
nature of the tool, which becomes more apparent as the tool beds in with age. In the
case of a mould which exhibits an unbalanced filling profile, the individual cavity
pressure drop can be compensated for by altering the individual gate dimensions, or

probe position in the case of runnerless moulds, until a filling balance is achieved.

Gate positioning and design
The location of the gate is of importance with respect to the way in which the
polymer flows into the mould impression. Other factors have to be taken into
consideration when choosing a gate location, which include:
1. Aesthetic considerations of the moulding;
Design complexity of the moulding;

2

3. Mould temperature requirement;

4. Nature of the polymer to be processed;
5

Volume of the polymer to be fed though the gate and the feed rate.

Mould cooling
The importance of adequate mould cooling is to maintain the dimensional
stability and integrity of the mould component. When mould temperature rises,

cooling times are increased to compensate for the reduction in cooling efficiency.

Cooling requirement

The thermal properties of individual polymers differ markedly from each other,
especially in terms of melt flow temperature and specific heat capacity. The design of
the mould cooling system should reflect this in some way by compensating for the
individual requirements of the subject polymer. During the injection moulding cycle,
almost 75% of the total cycle time can be spent cooling the moulded component. To

effectively cool the moulding, the mould cooling channels have to be accurately
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positioned. The cooling effect must be greatest where the moulding is the hottest and
progressively less effective where the moulding is cooler. If the mould is able to
achieve a balanced thermal state, this will be reflected in improving component quality.
Due to the complexity of component and mould designs, a cooling balance is

rarely achieved. The mould design should consider the following points:

1. The relevance of gate position and the resultant filling profile

2. Thick wall sections within the component design

3. The position of the ejection system in relation to the component

4. The inclusion of inserted features within the mould core and cavity

components

Mould cooling time
The length of cooling time required to solidify the moulding sufficiently can be
controlled and reduced if the relevant information is obtained or estimated prior to the
designing and incorporation of the cooling system, i.e.,
1. Estimated cooling time for the component to be moulded;
2. The cooling medium to be utilized;

3. The thermal properties of the mould construction material to be used.

All the above factors have a direct influence on the cooling efficiency of the
mould and the resultant quality of the moulding produced. The final component
production cost is predominantly influenced by the moulding cycle time of which a

high proportion is concerned with cooling the moulding.

Mould construction materials

The choice of mould construction material is of great importance if the mould is
to function effectively. The prime function of any mould construction material must
be that of meeting the service requirements imposed upon it. A mould construction
material should possess qualities or attributes relevant to the intended application. For
general purpose moulding applications, the principal material attributes are listed and

explained below.
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1. High core strength
Good wear resistance

Excellent surface finish

Eall

Dimensional stability

Mould construction materials can be divided into two groups: ferrous and non-

ferrous materials.

Ferrous mould construction materials

For general purpose injection moulding applications, alloy steels are usually
employed instead of standard plain carbon steels. The main limitations associated
with plain carbon steels, with respect to an injection moulding application, are:

1. High strength and abrasion resistance are achieved by increasing
carbon content, which when heated and rapidly cooled results in steel
embrittlement leading to distortion and cracking

2. Poor corrosion resistance. A plain carbon steel would rust easily if
used in a typical injection moulding environment

3. Inability to maintain a polished surface finish. A plain carbon steel
would tarnish readily under normal moulding conditions if employed

for the manufacture of core or cavity components

The term alloy steel describes a steel material, which contains other alloying
elements in addition to carbon which have been added to deliberately modify the
properties of the steel. Mould tool steels contain quantities of specific elements,
which combine with the steel to improve the material’s intended application properties.

The alloying elements and their addition percentage vary according to the
different steel manufacturers and the intended applications. Choosing a steel type for
a mould tool application is a difficult business. Most steel producers manufacture and
supply mould tool steels bearing their own trade names and designation code numbers.
Within the steel industry, various organizations and institutions exist, which are

responsible for the quality and national standard of steels.
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Non-ferrous mould construction materials

Although the majority of mould tools are manufactured from alloy steels, a
number of situations exist where the use of a non-ferrous material is more appropriate.
Some application examples for selecting a non-ferrous material over a steel for a
mould tooling application are suggested and discussed below.

1. Ductile use applications. Thin mould core and cavity sections are
subjected to high cyclic loadings, both from the operation of the mould
and from the pressurized polymer itself. A toughened or even a soft
steel could crack and collapse under such conditions because of its
relative lack of ductility and the tendency of the material to stress
crack under long-term cyclic loads, especially about thick to thin
changes in section or from shape corners. Other materials, which
include aluminium or brass, are sometimes similarly used although
aluminium alloys tend to be too soft, whereas brass, like steel, exhibits
a tendency to work-harden, if stressed in a cyclic manner.

2. To increase thermal conductivity. The thermal conductivity of some
alloy steels is relatively poor in comparison to that of the beryllium-
copper and aluminum-based alloys. In applications where adequate
cooling is difficult to incorporate into the mould design feature inserts
manufactured from the beryllium-copper and aluminum-based alloys
are frequently incorporated into the mould build-up to facilitate heat
removal from the immediate locality.

3. For prototyping purposes. Materials such as epoxy and unsaturated
polyester resins can be included in this category, usually in cases where

concept or foamed mouldings are required for initial assessment.

Mechanical properties of elastomeric ligatures
Many experimental studies have investigated the mechanical properties of
elastomeric ligatures. However, no international standards exit for the mechanical

properties of orthodontic elastomeric material (23).
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Tensile strength

Tensile strength elongation and tensile modulus measurements are among the
most important indications of strength in a material. Tensile test is a measurement of
the ability of a material to withstand forces that tend to pull it apart and to determine to
what extent the material stretches before breaking. Tensile modulus, an indication of
the relative stiffness of a material, can be determined from a stress-strain diagram.
Different types of materials are often compared on the basis of tensile strength,
elongation and tensile modulus data (24).

Tensile strength of elastomeric ligatures can be defined as the maximal stress a
structure can withstand before fracture (25). This was obtained from stress-strain
curves produced as each elastomeric ligature was stretched until it fractured. This is
represented by the peak force level prior to the ligature breaking. Dowling et al. (26)
found that elastomers manufactured by the die-punching technique were 50% to 80%
stronger than those produced by injection molding. Taloumis et al. (3) found a positive
correlation between the wall thickness and the force developed by elastomeric
ligatures, whereas a negative correlation existed between the inside diameter and the
force.

The elastomeric ligatures, which are polyurethane, exhibit rubber elasticity. The
unusual stress-strain diagram for this type of material is shown in Fig 3.15, where the
plot of the initial region of elastic deformation has curvature rather then being a
straight line as for metals and ceramics. The elastic limit occurs at the point of
inflection where the curvature of the plot changes from concave-down to concave-up.
The region of elastic deformation corresponds to reversible changes for the molecules
in the polymeric structure. The absence of a linear region for Hookean elasticity in the
stress-strain curve for an elastomer occurs because of the varying chain lengths and
structures, whereas permanent deformation occurs from irreversible displacements

between the polymeric chains, including rupturing of cross-links (6).
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Figure 3.15 Stress-strain curve for a polymeric material that exhibits rubber elasticity

Stress Relaxation Characteristic

Stress relaxation is the main disadvantageous characteristic of elastomeric
materials. Relaxation is defined as a gradual decrease in stress value carried or
transmitted over time with the element maintained in a fixed, activated state of
constant strain. This characteristic behavior of the elastomeric materials is studied by
applying a fixed amount of deformation to a specimen and measuring. If elastomeric
materials are stretched between two rigid points and force induced is monitored, the

force magnitude will be decrease as the time goes by (Fig.3.16).

Percent Initial Force (%)

Time (hr)

Figure 3.16 Stress relaxation characteristic graph

At the beginning of the experiment, the strain is applied to the elastomeric
materials at constant rate to achieve the desired elongation. Once the elastomeric
materials reaches the desired elongation, the strain is held constant for a predetermined

amount of time. The stress decay, which occurs due to stress relaxation, is observed as
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a function of time. The stress values at different time intervals are recorded and the
results are plotted to obtain a stress versus time curve (27). A typical stress-time curve
is schematically plotted in Fig.3.17. The stress data obtained from the stress relaxation
experiment can be converted to a more meaningful apparent modulus data by simply
dividing stress at a particular time by the applied strain. The curve may be replotted to

represent apparent modulus as function of time.
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Figure 3.17 A typical stress-time curve of stress relaxation

A few studies have investigated the stress relaxation characteristic of orthodontic
elastomeric ligatures.

Lu et al. (28) found that the greater the initial force, the greater force decay.

Taloumis et al. (3) showed a force degradation pattern characterized by an initial
exponential decrease, reaching 50% within the first 24 hours.

Bishara and Anderson (29) in agreement with Brantley et al. (30) stated that
permanent deformation and rapid force loss of these elastomeric materials were at
50% to 70% of their force in the first 24 hours.

Rock’s et al. (31) and Wong’s (32) studies on force degradation of elastomerics
have shown force reductions of 50% to 73% over 4-week period.

Dowling et al. (26) investigated the behavioral characteristics of elastomeric

ligatures with regard to their tensile strength. They concluded that a wide range of

failure load forces was observed between the five types of ligatures and immersion in
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a simulated oral environment resulted in a reduction of up to 35 % in tensile strength
for all types of ligatures.

Taylor and Ison (33) demonstrated that frictional forces generated by elastomeric
modules decrease during a three to four week period with a concurrent decrease in
failure load strength. A reduction in frictional force can be obtained by stretching an
elastomeric ligature to double its initial diameter.

Lam et al. (25) found that elastomeric ligatures had a similar tensile strength
decay pattern with a gradual decrease over the period of his study. They suggested that
the addition of coloring material to ligatures may have a significant effect on their
tensile strength properties. However, it is uncertain how this effect will be expressed
clinically.

From earlier studies, the stress relaxation of elastomeric ligatures was
characterized by significant force reduction immediately within 24 hours, then force

continued to gradually decrease over the times.

Deformation Characteristic

One of the fascinating properties of the elastomeric materials is their rubberlike
elasticity. That is, they have the ability to reach quite large deformations, and then
elastically spring back to their original form. This behavior was probably first
observed in natural rubber; however, the past few years have brought about the
synthesis of a large number of elastomers with a wide variety of properties. Typical
stress-strain characteristics of elastomeric materials are displayed in Fig.3.15. Their
moduli of elasticity are quite small and, furthermore, vary with strain since the stress-
strain curve is nonlinear.

In an unstressed state, an elastomer will be amorphous and composed of
molecular chains that are highly twisted, kinked, and coiled, Elastic deformation,
upon application of a tensile load, is simply the partial uncoiling, untwisting, and
straightening, and the resultant elongation of the chains in the stress direction, a
phenomenon represented in Fig.3.18. Upon release of the stress, the chain springs back

to their prestressed conformations, and the macroscopic piece returns to its original

shape (34).
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(@) (b)

Figure 3.18 Schematic representation of crosslinked polymer chain molecules (a) in
an unstressed state and (b) during elastic deformation in response to an applied tensile
stress

Elastomeric ligatures are highly affected by heat, moisture, and prolonged
contact with enzymes. These factors lead to chemical degradation (35), and decrease
the dimensional stability (36). Taloumis et al. (3) stated that moisture and heat exhibit
rapid force loss and deform permanently when stretched. Wong (32) showed that
materials permanently elongated and undergo plastic deformation related to the

amount of time as well as the amount of stretch given to elastomeric materials.

Biocompatibility

Biocompatibility is one of the important properties of orthodontic elastomeric
ligatures. Biocompatibility is defined as the ability of a material to perform with an
appropriate host response in a specific application (37). In the evaluation of medical
devices, cytocompatibility tests are used both for screening and for the study of
toxicity mechanisms (38). Cytotoxicity as a primary factor of biocompatibility is
generally determined by in vitro cell culture. In vitro methods permit assessment of
various parameters in a simplified system, while minimizing variables and allowing
more specific determination of cytotoxic mechanism. Experimental studies have
demonstrated the good correlation between in vitro and in vivo tests, thus confirming

the usefulness of in vitro tests as systems to select the materials.

Biological testing of dental materials
Firstly, initial tests are in vitro biocompatibility tests that simulate biological
reaction of materials when they are applied in humans. These tests intend to give a

toxicity profile of the materials. Red blood cell membrane lysis (Hemolysis),
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mutagenesis and carcinogenesis (Ames’s mutagenicity and Styles’ cell transformation
test) and cell culture cytotoxicity are included in the initial test. The cell culture
cytotoxicity test seems to be the appropriate in vitro assay for biological testing of
dental materials (39).

Secondly, secondary tests in vivo are usually conducted on small animals for
evaluation of inflammatory and immunogenic potential irritation. The methods include
implantation studies in subcutaneous tissue, muscle and bone, oral mucous membrane
irritation tests and sensitization tests. Dermal toxicity tests on the effect of repeated
exposure are also included in this group. Some tests such as bone implantation are
categorized as usage test for evaluation of the adverse effect of implanted material in
prosthetic works (40).

The last tests are usage tests. The methodology of these tests are the placement
of materials in their intended clinical use in big animals such as rabbits or humans.
Most of the methods have been developed for the assessment of pulp and dentin
reaction to operative materials, pulp capping and pulpotomy materials. Oral mucous
membrane irritation tests and bone implantation tests are selected as usage tests for
biological testing of some materials. A test for dermal toxicity may also be considered
as a usage test for an assessment of problems associated with the handling of dental
materials (39,40,41).

The objective of in vitro biocompatibility tests is to identify the toxic reaction of
dental materials to cells before they are placed on the tissue of the body. Cytotoxicity
assessment is the measurement of the leachable toxic products from the test materials
on the metabolic function of the target cells. It is an important technique for screening
dental materials particularly new products and reducing the use of animal or human
experiment. The various advantages of in vitro methods include they can be conducted
under controlled laboratory conditions and are also free from the influence of the
many variables inherent in animal models, which are complex and often impossible to
control. A high level of reproducibility is also obtained from the in vitro methods. In
addition to controllability and reproducibility, they are rapid and cheap, compared to
animal studies. Controlled experiments are better standardized than in vivo
experiments and have no problem in regard to ethics. On the other hand, animal

experiments are time consuming and controversial regarding ethical problems. In the
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earliest period, biocompatibility testing of dental materials was done on animal models.
Since continuing research and the development of the in vitro test methods, this
method could provide good simulation of the in vivo situation to minimize the use of
animals. Therefore, the in vitro test is recommended by ISO 7405 (42,43).

Many of the in vitro biological assessments of dental materials have been
modified from drug testing. However, many differences exist between drugs and
dental materials. Drugs are usually soluble in various liquid, but most dental materials
have low solubility. The leachable toxic substances form dental materials depending
on their compositions. They may produce new combinations or lead to the degradation
of final chemical compositions that are not present in the original ingredients. It is
therefore necessary to assess the toxicity of materials as use in their states or final
products in the clinical application. The requirements of standard test procedures for
biological evaluation of biomaterials should be reasonable in cost; all components
should be readily available to commercial sources. The procedures should be clear and
easy and must be able to be performed by average laboratory personnel. The results

must be reproducible, statistical and readily available.

In vitro cytotoxicity testing methods

Many in vitro cytotoxicity testing methods have been developed. The earliest in
vitro tests of material cytotoxicity were relatively simple to design and less
complicated than the animal model. Kawahara et al (44) began to use cell culture
method to investigate dental materials in the 1950s by using the handing drop culture
method and monolayer of L-929 cells. They reported the cytotoxicity of pure metals,
dental cements, medicaments and plastics.

In 1973, Spangberg and Al-Nazhan (45) introduced the radiochromium release
method for evaluation of toxic products released from solid and plastic materials when
cells came into intimate contact with the materials. This technique was a membrane
permeability assay for >'Cr-releasing using L-929 cells or Hela cells. The purpose of
this study was to measure the number of dead and dying cells in a culture in the
presence of a synthetic material. Its usage is limited to measure the final events, i.e.,
cell membrane permeability following cell death, and thus, subleathal changes are not

measured. Although there are probably no biological effects are found and no report
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has been made concerning physical hazards in using °'Cr, the handling, storage and
disposal of radioactive isotope pose safety and environmental concerns. Vajrabhaya et
al. (46) reported that in view of the ease of conducting vital dye staining,
sulphorhodamine-B may be the method of choice over ICr release assay in the

evaluation of endodontic sealer cytotoxicity.

Target cells

Controversies exists in selecting target cells for biological evaluation of dental
materials. Both cell lines and primary cells have been used in experiments. Spangberg
(47) used established cell lines, Hela cells and human skin fibroblast cells to evaluate
the biological effects of root canal filling materials. The results showed that the two
cell types did not show much difference in their comparative sensitivity. Kettering and
Torabenejad (48) claimed the same results by comparing these two-cell types in the
cytotoxicity testing of root canal sealers. The results showed that the ranking of
toxicity of sealers in both fresh and set states on Hela cells was similar to that obtained
on fibroblast cells. The results of the Feigal et al. (49) study, which compared the
difference between the sensitivity of normal pulp and transformed mouse fibroblasts
(L-929) to the cytotoxicity challenge; however, are in opposition in the formerly
mentioned studies. They revealed that normal diploid human cells derived from dental
pulp were significantly more sensitive to testing than were L-929 in all test systems.
Hensten-Pettersen and Helgeland (50) showed that human epithelial cell line (NTCT
2544) was less sensitive than epithelial-like cell and fibroblasts from human gingival.
They claimed that the ranking of the cells according to their sensitivity to the materials
varied with the assay technique applied and suggested that the type of medium applied

could be important for the results obtained.

Assay systems

Cytotoxicity assays generally evaluate the effect of leachable toxic products
from test materials on the target cells. Cell damage could be evaluated by determining
the effects of the toxic substances on mitochondrial respiration, the integrity of cell
membrane, enzyme and structural protein and the genetic apparatus of the cells.

Various assays have been used to assess the viability of cells after exposure to the test
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materials (51,52). First, cell plating and growth tests determine whether the materials
interfere with the cellular attachment, cell proliferation or some other cell function by
releasing some component of the toxic substances into the medium. The area devoid of
cell growth or with reduced cell density is referred to as the ring of inhibition zone.
The results might be quantified by measuring the width of the zone or by direct cell
counting for comparing the density of cells within the zone and outside the zone (53).
Second, membrane permeability is another test to measure cell status by changes in
cell membrane. Neutral red dye is transported into and retained only within the semi
permeable cytoplasmic membrane. Irreversibly injured and dead cells have

1 .
>l Cr-release assay is

permeability cell members that cannot retain the dye. The
another membrane permeability cytotoxicity test (45). ' Cr-labeled cells that are
affected by the test materials and cannot maintain their membrane integrity release
>1Cr into the solution. Then the radioactivity in the supernatant is measured in a liquid
scintillation counter or gamma particle counter. Third, cellular enzymatic activity
assays such as the MTT assay (54) measure membrane-bound cellular enzymes of
mitochondria. If the succinyl dehydrogenase enzyme in mitochondria is active, it will
produce a reducing agent, which will reduce the soluble tetazolium salt of yellow to a
dark blue insoluble formazan salt. The degrees of deposition of dark blue formozan
crystals allow a visible and proportionate measurement of enzyme activity.

To determine the biocompatibility of dental materials, various techniques such as
in vitro cytotoxicity test in cell or tissue culture, in vivo subcutaneous or bone implant
test, and usage tests have been suggested. ISO 7405 recommended direct contact test
or extract test be one in vitro cytotoxicity methods. Also, encouraging the
development of in vitro test methods will further reduce the use of animals in the
preclinical evaluation of the biocompatibility of material devices used in dentistry. In
Vitro cytotoxicity tests present more advantages of controlling test procedures than in
vivo tests. The method is simple, inexpensive and fast and gives useful guidance for
material use. The most important aspect is to minimize the use of animals for
experimentation.

A few studies have investigated the cytotoxicity of polyurethane.

Szycher (55) investigated that many polyurethane aromatic diisocyanates were

used for the production of the urethane segments. These aromatic diisocyanates could
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be converted into aromatic diamines that were toxic and potentially carcinogenic to
humans.

Salacinski et al. (56) showed that polyurethanes had begun to be widely
investigated as an alternative in cardiovascular bio-medical devices due to their
durability and flexibility in extrusion. Their use as a bypass graft to simulate the
viscoelastic properties inherent in native arterial wall have been found to be of
importance in improving the patency of cardiovascular devices.

Jahangir et al. (57) found that polyurethanes were usually considered to be the
excellent candidates for blood-contacting application for their hemocompatibility.

Fare et al. (58) showed that shape-memory polyether-based polyurethane
(SMPu) had a good cytocompatibility in both human skin and gingival fibroblasts
(HSF and HGF cells).

Punshona et al. (59) demonstrated that poly(carbonate-silsesquioxanebridge-
urea)urethane could support the growth of endothelial cells for a prolonged period and
did not demonstrate any significant toxic effects to cells. Thus, it had the potential to
be used both as a medical device and as scaffolding in tissue engineering applications.

All earlier studies showed that polyurethane had good biocompatibility and is

suitable to use for medical device.
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CHAPTER 1V
MATERIALS AND METHODS

Orthodontic elastomeric ligatures of clear color obtained from same batch of

each five brands are listed in Table 4.1

Table 4.1 Orthodontic elastomeric ligatures used in this study

Brand Company Batch No.
Dynaflex Dynaflex, USA 153552
Unitek 3M Unitek, Monrovia, USA AN8ZR
Ormco Ormco Corporation, 07J4)

Sybron Dental Specialities,
Glendora, CA, USA
W&H W&H tech Co., Ltd., China N/A
Thai Mahidol University and N/A
MTEC Corporation, Thailand

Figure 4.1 From left to right, Orthodontic elastomeric ligatures of Dynaflex, Unitek,
Ormco, W&H and Thai
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Study Design

Three parts of the experiment are designed to measure and compare initial
extension force, relaxation force and cytotoxicity. Twenty samples of each clear
orthodontic elastomeric ligatures from five brands were used, making a total of 300

orthodontic elastomeric ligatures.

Method and Procedures
Injection moulding machine (Nigata, MD50S-1V, Japan) as shown in Fig.4.2
was used to produce Thai orthodontic elastomeric ligatures. The ferrous two-plate

mould, containing six cavities, were prepared as shown in Figs.4.3 and 4.4.

Figure 4.2 Injection moulding machine (Nigata, MD50S-IV, Japan)

Figure 4.3 The ferrous two-plate mould
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Figure 4.4 The mould design configurations

Thermoplastic polyurethane Desmopan ® DP 2586A grade 85A (Bayer Material
Science), which is distributed in Thailand, was selected as raw material in order to

produce Thai orthodontic elastomeric ligatures in this study.

Figure 4.5 Thermoplastic polyurethane (Desmopan  DP 2586A)

Table 4.2 Injection conditions for producing Thai orthodontic elastomeric ligatures

Condition Desmopan © DP 2586A
Shot size 18
Injection Speed (mm/s) 120
Injection Pressure (MPa) 60

Holding Pressure (MPa) N/A
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Table 4.3 Injection zone temperature for producing Thai orthodontic elastomeric

ligatures

Zone Temperature (°C)
NI 185
N2 190
1 190
2 185
3 180
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Figure 4.6 Injection zone temperature

Table 4.4 Processing time to produce Thai orthodontic elastomeric ligatures

Condition Processing time (sec)
Injection 6
Cooling 20

Repeat the injection 5
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Figure 4.7 Thai orthodontic elastomeric ligatures after injection process

Orthodontic elastomeric ligatures were selected from five brands. Samples from
each brand were divided into two test groups. Each group contained 20 randomly

selected samples of each brand.

Group I:  Initial extension force and relaxation force tests were conducted according
to test method of ISO 21606:2007.
Group II: Cytotoxicity evaluation was conducted according to test procedure of ISO

10993-5:1999.

A measuring microscope, Nikon MM-11C (Fig.4.8) was used to measure inner
diameter (ID) and outer diameter (OD) while a micrometer (Mitutoyo, No.293-240,
Japan) (Fig.4.9) was used to measure cross-section thickness (CT) of elastomeric

ligatures (Fig.4.10) of group I before they were mechanically tested.

Figure 4.8 Measuring microscope Nikon MM-11C
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Figure 4.9 Micrometer (Mitutoyo, No.293-240, Japan)

oD
CT

ID

Figure 4.10 Orthodontic elastomeric ligature in three dimensions

Figure 4.11 From left to right, Orthodontic elastomeric ligatures of Dynaflex, Unitek,
Ormco, W&H and Thai before testing

To test initial extension and relaxation force generated by orthodontic
elastomeric ligatures, the universal testing machine, Instron, (Fig.4.12) with load cell

capacity of 25 newtons, was used. This machine had a self-calibrating system that
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performed periodically during measurement. All orthodontic elastomeric ligatures
were stretched on the Instron testing machine to test force magnitude between two half
rods (radian 0.5 mm) made of carbide alloy (Fig.4.13) soldered on the head of screws,
which were connected on the stainless steel grips (Fig.4.14) of the Instron testing
machine. The crosshead was secured on the top and fixed head was fixed in the
bottom. The crosshead speed was 100 + 10 mm. per minute and then, tested by means

of ISO 21606:2007.

Figure 4.12 Instron testing machine

Figure 4.13 Half-rod shape for Instron testing machine
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Figure 4.14 View of stainless steel grip to Instron testing machine

Initial extension force ( Fo)

All samples in group I were measured for initial cross-section thickness (CT)
inner diameter (ID) and outer diameter (OD). The sample was transferred to the
Instron testing machine and extended at a rate of 100 + 10 mm. per minute to four
times the inner diameter and held for five second. After five seconds, extension at 100
+ 10 mm. per minute to an extension of three times the inner diameter were done
(Fig.4.15). The force exerted in newtons was determined at 30+2 seconds after
reaching the latter extension. Results of initial extension force of each brand were
compared. This test was performed at a temperature of 23+2°C and relative humidity

of 50 + 10 % condition.

Hook 1

}-I—X—h-l

Hook 2

Figure 4.15 Stretching orthodontic elastomeric ligature to three times the inner

diameter
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Relaxation force ( Fz4)

All samples in group I were measured for 24 hours residual force. After
determining the initial extension force, the extended orthodontic elastomeric ligatures
were moved without any relaxation to both pins (diameter 1 mm.) that extended to the
state of three times the inner diameter on the support plate (Fig.4.16). All samples
were stored on support plates in water (ISO 3696:1987, Grade 3) at 37+2°C for 24+2
hours, and the support plate was removed maintaining the extended condition of the
sample and immediately placed in water (ISO 3696:1987, Grade 3) at 23+2°C for
30+2 min. The support plate with the sample was taken out of water and transferred to
the sample without relaxation on the test rod, and positioned apart at three times of
inner diameter. The residual force was determined in newton exerted at 23+2°C at 24

hours (F»4). The percentage of force loss was calculated from the following formula.

Percentage of force loss = _(Initial extension force - Residual force) x 100
Initial extension force

Figure 4.16 Support plate with test pins

Figure 4.17 Orthodontic elastomeric ligatures on test pins of support plate
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Cytotoxic evaluation by MTT assay
All samples in group II were tested according to ISO 10993-5:1999 test

procedure.

Orthodontic elastomeric ligatures solution preparation

Orthodontic elastomeric ligatures, 0.2 g from each brand were put in borosilicate
glass containers (Fig.4.18) and were sterilized by immersing in 70% alcohol for one
minute. The samples were dried by sterile gauze, immersed in normal saline for one
minute and then, dried again. After that, 1 ml. of 10% DMEM covered these sterile
Orthodontic elastomeric ligatures. This was maintained at 37°C , 5% CO,, and 100%
humidity in an incubator for 24 hours to obtain Orthodontic elastomeric ligature
solution.

Positive control (Polyurethane film, Hatano Research Institue) were prepared at
size 3 cm’® and negative control (Plastic Coverslips, Thermanox NUNC™ Brand
Products, Naperville, IL USA) sized 6 mm. were immersed in 1 ml. of 10% DMEM.
This was maintained at 37°C , 5% CO,, and 100% humidity in an incubator for 24

hours.

Figure 4.18 Orthodontic elastomeric ligatures 0.2 g. in borosilicate glass

Cell preparation
The L929 cell line (ACTT) was the target cell used in this experiment. The cells
were fed with a DMEM supplement with 10% fetal calf serum and antibiotics
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(Penicillin G 200 pg/mL + streptomycin 200 ug/mL). This was maintained at 37°C ,
5% CO,, and 100% humidity in an incubator. The medium was changed every other
day and transferred to a new culture flask using trypsin0.1% (w/v). When enough cells
were obtained for the experiment, they were dispensed into 96-well tissue culture
plates (Fig.4.19) (Nunc, Wiesbaden, Germany) at the concentration of 1 x 10° cells per
well. Each well contained 200 puL of cell suspension, and the plate was incubated for

24 hours in an incubator to obtain a monolayer cell growth.

Figure 4.19 96-well tissue culture plates

Testing procedures

After monolayer cell growth was completed, all 96-well tissue culture plates
were washed twice with 200 pL per well of phosphate-buffered saline solution (PBS),
and each well tissue culture plate was tested as follows. One hundred microliters of
Orthodontic elastomeric ligatures solution of five companies, positive control and
negative control were tested each in 8-well tissue culture plates. All 96-well tissue
culture plates were incubated at 37°C , 5% CO,, and 100% humidity for 24 hours.
The toxicity was determined using MTT assay (dimethyl thiazole diphenyl tetrazolium

bromide) after the incubation time. The experiments were repeated three times.

MTT assay
Orthodontic elastomeric ligature solution, positive control and negative control
were removed from the well tissue culture plates. Each well was washed twice with

100 uL PBS. Freshly prepared 100 uLL of MTT solution (Fig.4.20) was inserted into
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each well and incubated for two hours. Then MTT solution was removed and washed
twice with 100 uL PBS. One hundred microliters of dimethyl sulfoxide (DMSO) was
put into each well (Fig.4.21). The plates were agitated on the shaker to enhance the
dissolution of formazan for 30 minutes. The spectrophotometric absorbance (Fig.4.22)
was measured at 540 nm using DMSO as the blank. The optical density (OD) was
directly proportional to the number of viable cells. The percentage of cell viability as
compared with control cells was calculated from the following formula. Cytotoxic

effects were determined by examining the percentage of cell viability.

Percentage of cell viability = OD of test material - OD of DMSO x 100
OD of control - OD of DMSO

Table 4.5 Cytotoxicity scale (%) for determining cytotoxicity of material

Cytotoxicity scale (%) Interpretation
90 - 100 Non cytotoxic
89 —-175 Mildly cytotoxic
74 — 65 Moderately cytotoxic
<65 Severely cytotoxic

Figure 4.20 MTT solution (dimethyl thiazole diphenyl tetrazolium bromide)
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Figure 4.22 Spectrophotometric absorbance (ELISA)

Statistical analysis

Statistical analysis was performed using Statistical Package for the Social
Science (SPSS) version 11.5 for Windows. Results were presented as mean + SD of
cross-section thickness, inner and outer diameter, initial extension force, 24 hours
residual force and percentage of force loss and analyzed by the by one-way analysis of
variance (ANOVA). When statistically significant differences were found, multiple
comparison by Tukey test was used to compare. The level of statistical significant

difference was accepted at p-value< .05.
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CHAPTER V
RESULTS

Two parts of the experiment were designed to measure and compare properties

among different types of orthodontic elastomeric ligatures.

Figure 5.1 From left to right, Orthodontic elastomeric ligatures of Dynaflex, Unitek,
Ormco, W&H and Thai before testing

Means of cross-section thickness (CT), inner diameter (ID) and outer diameter
(OD) of the different orthodontic elastomeric ligatures are shown in Table 5.1. Thai
had the highest means of CT and ID while Unitek had the highest mean of OD. Unitek
had the lowest means of CT and ID while Dynaflex had the lowest mean of OD .

Statistical comparisons by one way analysis of variance (ANOVA) indicated
significant differences in mean of CT, ID and OD among all brands (P<.05). Multiple
comparisons by Tukey test revealed:

1. Dynaflex and Unitek were not significantly different in mean CT but
Unitek had lower mean of CT than Dynaflex.

2. For means of ID, significant differences were found among all brands
and Thai had the highest mean of ID.

3. For means of OD, significant differences were found among all brands

and Thai had a mean of OD between Unitek and W&H.
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Table 5.1 Dimensions of orthodontic elastomeric ligatures
Brand Dimension (mm)
(n=20)
CT ID oD
Mean (SD) Mean (SD) Mean (SD)
Dynaflex 0.695 (0.004) 1.125 (0.022) 2.852 (0.017)
Unitek 0.692 (0.005) 1.040 (0.008) 3.330(0.011)
Ormco 0.727 (0.004) 1.166 (0.020) 3.048 (0.023)
W&H 0.756 (0.007) 1.057 (0.026) 2.990 (0.019)
Thai 0.885 (0.004) 1.210 (0.008) 3.136 (0.009)
35
3
'E? 25 O Dynaflex
£ B Unitek
S 2 0 Ormco
£ 15 OW&H
g B Thai
a 1
0.5
0 |

oD

Figure 5.2 Comparative mean cross-section thickness (CT), inner diameter

(ID) and outer diameter (OD) among five brands



Thammanoon Boonyarangkul

Results / 48

Table 5.2 Multiple comparison of cross-section thickness (CT) by Tukey test

Dimension
(mm.)

Orthodontic Elastomeric Ligatures
1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai

Mean (SD)

P-value

CT

0.164

Dynaflex 0.695 (0.004) 3%

0

4*

0

5*

0

0.164

Unitek 0.692 (0.005) 3*

o

4*

5*

1*

Ormco 0.727 (0.004) 2%

4%*

5*

1*

W&H 0.756 (0.007) 2%

3*

5*

1*

Thai 0.885 (0.004) 2%

3*

4%

(=l el lelie) jo] (e} fe) o) fe]) [el fe) o) fa) (e}

* The mean difference is significant at the 0.05 level
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Table 5.3 Multiple comparison of inner diameter (ID) by Tukey test

Orthodontic Elastomeric Ligatures
1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai P-value
Mean (SD)

Dimension
(mm.)

2*
1D Dynaflex 1.125 (0.022) 3*
4*
5*
1*
Unitek 1.040 (0.008) 3%
4%* 0.
5*
1*
Ormco 1.166 (0.020) Q¥
4*
5*
1*
W&H 1.057 (0.026) 2% 0.
3*
5%
1*
Thai 1.210 (0.008) 2%
3%
4*

~
(V)]

=
)

olo|lo|lo|loloRo|loio|Ioio|lo|IRio|lo|lolo|lolo

* The mean difference is significant at the 0.05 level
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Table 5.4 Multiple comparison of outer diameter (OD) by Tukey test
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Dimension
(mm.)

Orthodontic Elastomeric Ligatures
1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai

Mean (SD)

P-value

OD

2*

Dynaflex 2.852 (0.017) 3*

4*

5*

1*

Unitek 3.330 (0.011) 3%

4*

5*

1*

Ormco 3.048 (0.023) 2%

4%*

5*

1*

W&H 2.990 (0.019) 2%

3*

5*

1*

Thai 3.136 (0.009) 2%

3*

4*

=l lelie] o) o) fol{e] [e) o) fo) i) [e) o) fo) ] (o) fe) fe) fa) fa)

* The mean difference is significant at the 0.05 level
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Initial extension force (F)

The mean initial extension force is presented in Table 5.5. The mean initial
extension force ranged from 2.004 to 2.535 N. Ormco had the highest initial extension
force and Dynaflex had the lowest initial extension force.

Statistical comparisons by one way analysis of variance (ANOVA) revealed

significant differences in the mean initial extension force (P<.05) among five brands.

Table 5.5 Mean of initial extension force (F)

Initial extension force (N)

Brand
(n=20)
Mean (SD)

Dynaflex 2.004 (0.026)
Unitek 2.304 (0.056)
Ormco 2.535(0.025)
W&H 2.371 (0.064)
Thai 2.309 (0.049)

Multiple comparisons by Tukey test revealed:

1. Significant differences among Thai and other brands in mean initial
extension force except Unitek.

2. Thai and Unitek were not significantly different in mean initial
extension force but the Thai had a higher mean initial extension force
than Unitek.

3. Among commercial brands, significant differences in mean initial
extension force. Ormco had the highest and Dynaflex had the lowest

mean initial extension force.
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Table 5.6 Multiple comparison of initial extension force by Tukey test
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Time

(hr.)

Orthodontic Elastomeric Ligatures

1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai

Initial extension force (N)

P-value

Dynaflex 2.00

2*

3*

4*

5*

Unitek 2.30

1*

3*

4*

5

o

Ormco 2.53

1%

2*

4%*

5*

W&H 2.37

1*

2%k

3*

5*

Thai 231

1*

2

=]

3*

4%

=R =) === = == = = R === == ==

* The mean difference is significant at the 0.05 level
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The statistical correlations between dimensions and initial extension force
indicated correlation in cross-section thickness (CT) and inner diameter (ID) except
outer diameter (OD) as shown in Table 5.7. Moreover, it had the highest correlation in

cross-section thickness.

Table 5.7 Correlation coefficients between dimensions and initial extension force (Fo)

Force CT ID (0])]
(n=100)
Correlation P-value Correlation P-value Correlation p-value
()] (9] )
Initial 0.482%* 0.000 -0.448%* 0.000 0.142 0.162

* Correlation is significant at the 0.05 level (2-tailed)

Relaxation force ( Fy4)

To evaluate relaxation force, the orthodontic elastomeric ligatures were stretched
on test pins of support plate with the extended state of three times the inner diameter
and stored in water (ISO3696: 1987, Grade 3) at 37+2°C for 24+2 hours. The data of
mean residual force is shown in Table 5.8. At 24 hours, the mean remaining forces
were 1.265 to 1.473 N. Thai had the highest remaining while W&H had the lowest
remaining force.

The decay in force at 24 hours was compared by percent of force loss as shown
in Table 5.8.
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Table 5.8 Mean residual force at 24 hours (F,4)

Initial force (N) Residual force (N)  Percent of force loss

Brand

(n=20) Mean (SD) Mean (SD) Mean
Dynaflex 2.004 (0.026) 1.455 (0.064) 27.38
Unitek 2.304 (0.056) 1.348 (0.073) 41.49
Ormco 2.535(0.025) 1.309 (0.046) 48.35
W&H 2.371 (0.064) 1.265 (0.091) 46.62
Thai 2.309 (0.049) 1.473 (0.089) 36.18

At 24 hours, the percentage of force loss ranged from 27.38 to 48.35. Statistical
comparison (ANOVA) indicated significant differences in percent of loss of force
from initial to 24 hours. The results showed that Ormco had the highest while
Dynaflex had the lowest percent of force loss. Thai had a percent of force loss between
Dynaflex and Unitek . Multiple comparison by Tukey test revealed that Thai was
significantly different among all brands. However, when compared with Ormco and

W&H, the result showed no significant differences.



Fac. of Grad. Studies, Mahidol Univ.

Table 5.9 Multiple comparison of residual force by Tukey test

M.Sc.(Orthodontics) / 55

Time

(hr.)

Orthodontic Elastomeric Ligatures

1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai P-value

Residual force (N)

24

Dynaflex 1.45

2*

3*

4*

5

=
S

Unitek 1.35

1*

3

=]
o0

4*

5*

Ormco 1.27

1%

2

4

=)=
N[ oo

5*

W&H 1.31

1*

2%k

3

=)
(o)

5*

Thai 1.47

1

=
NS

2*

3*

4%

== =1 = = = I Y N = = = RN = R = ==

* The mean difference is significant at the 0.05 level
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Table 5.10 Multiple comparison of percentage of force loss by Tukey test
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Time

(hr.)

Orthodontic Elastomeric Ligatures

1 = Dynaflex, 2 = Unitek, 3 = Ormco, 4 = W&H, 5 = Thai

% of force loss

P-value

24

Dynaflex

27.38

2*

3*

4*

5*

Unitek

41.49

1*

3*

4*

5*

Ormco

48.35

1%

2*

4

5*

W&H

46.62

1*

2%k

3

5*

Thai

36.18

1%*

2*

3*

4%

o
=== =N = = = RN = = = === = ===
p—

* The mean difference is significant at the 0.05 level
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The statistical correlation between initial extension force and 24 hours residual

force indicated negative correlation is shown in Table 5.11.

Table 5.11 Correlation coefficient between initial extension force (Fo) and 24 hours

residual force (Fa4)

Force Residual force
(n=100)
Correlation P-value
)
Initial -0.418* 0.000

* Correlation is significant at the 0.05 level (2-tailed)

Figure 5.3 From left to right, Orthodontic elastomeric ligatures of Dynaflex, Unitek,
Ormco, W&H and Thai at initial (upper row) and 24 hours (lower row)

Cytotoxicity evaluation
The cytotoxicity of five orthodontic elastomeric ligatures were evaluated
according to MTT assay test method. The percentages of cell viability were also

calculated for mean optical density (OD) from the following formula.

Percentage of cell viability = OD of test material - OD of DMSO x 100
OD of control - OD of DMSO
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Table 5.12 Percentage of cell viability after the diffusion of each test of orthodontic

elastomeric ligatures and control group

Materials % Cell viability
Dynaflex 116.72
Unitek 106.99
Ormco 99.38
W&H 86.42
Thai 94.64
Control 100.00

The percentage of viable cells of each orthodontic elastomeric ligatures are
shown in Table 5.12. The percentage of viable cells of Dynaflex, Unitek, Ormco,
W&H and Thai are 116.72, 106.99, 99.38, 86.42 and 94.64, respectively, while the
control group showed 100% viability. The results showed that Dynaflex, Unitek,
Ormco and Thai demonstrated non cytotoxicity while W&H had mild cytotoxicity.

Table 5.13 Interpretation of material cytotoxicity using cytotoxicity scale

Brand Interpretation
Dynaflex Non cytotoxic
Unitek Non cytotoxic
Ormco Non cytotoxic
W&H Mildly cytotoxic

Thai Non cytotoxic
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CHAPTER VI
DISCUSSION

This study was conducted to test mechanical properties of orthodontic
elastomeric ligatures related to their clinical use. Although in vitro testing was unable
to represent actual clinical use, this gives clinical guidelines by simulating the clinical
performance of orthodontic elastomeric ligatures.

Many companies provide orthodontic elastomeric ligatures nowadays.
Therefore, orthodontists must be able to choose orthodontic elastomeric ligatures that
are suitable for each stage of treatment. This means that orthodontists using
orthodontic elastomeric ligatures must know:

1. The amount of initial extension force of orthodontic elastomeric ligatures ;

2. The amount of force relaxation of orthodontic elastomeric ligatures.

In this study, Dynaflex, Unitek, Ormco and W&H orthodontic elastomeric
ligatures that distributed in Thailand were chosen to be tested in this experiment. The
reason for choosing these four import brands was because they are frequently used in
the Thai orthodontic market. The orthodontic elastomeric ligatures in this study were
all homogenous and from the same batch in each brand.

Polyurethane is a generic term for elastic polymer that contains the urethane
linkage, both hard and soft flexible segment. This makes elastic properties that
materials can be returned to its original shape. Different orthodontic materials brands
process their polyurethane products in different fashions. In addition, the polymer
structure of the polyurethane modules may differ between brands and it is a
commercial secret. In this study, we produced the Thai orthodontic elastomeric
ligatures using thermoplastic polyurethane without additive as a basic standard to test
its properties. At present, various grades of thermoplastic polyurethane are distributed
in Thailand from 70A to 95A . In this research, thermoplastic polyurethane 85A was

selected for producing Thai orthodontic elastomeric ligatures due to its tensile strength
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and flexural modulus which is higher than thermoplastic polyurethane 70A while its
elongation at break point is higher than thermoplastic polyurethane 95A. Moreover,
the pilot study showed that the Thai orthodontic elastomeric ligature by thermoplastic
polyurethane 85A have the initial extension force among commercial orthodontic
elastomeric ligatures and it should be suitable for use in clinical practice.

Regarding to dimensional characteristic of Thai orthodontic elastomeric ligature,
the mould designer intended to keep the dimension at the average means of four
commercial brands in this study (Fig 6.1). After the end of the injection process, Thai
orthodontic elastomeric ligature displayed higher cross-section thickness and inner
diameter than others, outer diameter was between Unitek and Ormco. This result may
be due to mold geometry and various variables that affect the shrinkage of product
such as type of polymeric material, packing and cooling process, especially pressure
and temperature. During processing, temperature and pressure vary from location to
location in the mould and also with respect to time, the rate of shrinkage varies and;
therefore, it is rather difficult to compensate for it (20). A few studies investigated
methods to minimize the shrinkage in polymer during filling processing stages.
Spencer and Gilmore (60) were the first to initiate work for understanding the flow
phenomena in injection molding. Ballman et al. (61,62) predicted the proper behavior
for a simple cavity with a flow-controlling delivery system. Paulson (63) investigated
the pressure losses through the gate and measure the pressure profiles along a delivery
system and in a single cavity mold. Wu et al. (64) simulated the mold-filling process
and concentrated on the pressure and force prediction during the filling of simple
molds. Although many studies have been conducted, the products still do not

anticipate the perfect dimension as intended.

Figure 6.1 Original design of Thai orthodontic elastomeric ligatures
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Pigmenting orthodontic elastomeric ligatures is done by manufactures to increase
patient acceptance, raises the question whether the pigments affect the structure of the
elastomeric ligature. Certain types of fillers have been incorporated by the polymer
industry to provide color. However, the composition of orthodontic elastomeric
ligatures are proprietary information and information about the pigmentation process
is not available. Renick (65) indicated significant differences in glass transition
temperatures for the gray-pigment and purple-pigment chains. This conforms with
Lam et al.(25) who found that the addition of color material to orthodontic elastomeric
ligatures had a significant effect on tensile strength properties. Thus, the clear color
was used in this present study in order to avoid the effect of color, which may affect
mechanical properties.

Another physical characteristic of orthodontic elastomeric ligatures of interest,
is flash. Flash are various amounts of excess material at their inner and outer edges
(Fig.6.2). Overpacking may cause flashing. This occurs when the mold plates are
slightly separated due to excess cavity pressure, which may develop in a molded part
if the process is not properly controlled after the cavity is filled. In this study, many
orthodontic elastomeric ligatures had various flash in their inner and outer edges. The
amount ranged from no flash to heavy flash covering the entire inner and outer
circumference. This experiment did not explore any relationship between the amount
of present flash and any measured characteristic. It was noted that Ormco and Thai

orthodontic elastomeric ligatures had the most consistent and the least amount of flash.

Figure 6.2 Example of orthodontic elastomeric ligatures with material flash
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Tensile strength of orthodontic elastomeric ligatures could be defined as the
maximal stress of structure which could withstand before fracture (25). This was
obtained from stress-strain curves produced as each orthodontic elastomeric ligatures
were stretched until it fractured. This was represented by the peak force level prior to
the breakage of orthodontic elastomeric ligatures. However, in this experiment, the test
focused on the initial extension force generated by orthodontic elastomeric ligatures
and the methods followed the ISO 21606:2007 standard. Orthodontic elastomeric
ligature was extended from original inner diameter to four times the inner diameter,
hold for five seconds and then, decreased to three times the inner diameter. Stretching
the elastomeric ligature to three times the inner diameter simulates the clinical
situation as an orthodontist ties an elastomeric ligature over a maxillary central incisor
twin bracket (0.022 slot). The result in this study found that mean initial extension
force was from 2.004 to 2.535 N. This study supported the finding of Lam et al. (25).

It had been suggested that the characteristics of force decay of orthodontic
elastomeric ligatures depended on the environment in which the orthodontic
elastomeric ligatures were tested (66). Ash and Nikolia (67) suggested that greater
force relaxation was observed in water at 37°C compared with air at the same
temperature. According to Kapila (68), the oxygen concentration and pH changes had
no obvious significant effect on force degradation of orthodontic elastomeric ligature
chain, whilst pre-stretching and temperature were significantly affected. Bishara &
Andreasen (29) found no statistically significant difference between testing at room
temperature and testing in 37°C in water. The testing in this present study was placed
in 37°C in water (ISO 3696:2987, Grade 3) 24 hours in order to reproduce the clinical
situation, as orthodontic elastomeric ligatures are applied on brackets at body
temperature. However, the result from this study might differ from those of testing in
human saliva. Though we controlled several factors of water (ISO 3696:2987, Grade
3) to be similar to human saliva, human saliva is composed of various enzymes that
might affect physical and mechanical properties of orthodontic elastomeric ligatures.

In order to test relaxation force of orthodontic elastomeric ligatures, this study
was designed to stretch orthodontic elastomeric ligatures on test pins to the extended
state of three times of inner diameter on the support plate for simulating the stretch

necessary to apply an orthodontic elastomeric ligatures over a maxillary central incisor
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twin bracket (0.022 slot). Substituting the test pins on the support plate for brackets
eliminated the effect of bracket design and the potential for overstretching the
orthodontic elastomeric ligatures on application and removal. The result from pilot
study showed that orthodontic elastomeric ligatures at various positions on test pins
had no statistically significant difference in force relaxation.

In this study, the percentages of force loss occurred within 24 hours were
27.38% for Dynaflex, 36.18% for Thai, 41.49% for Unitek, 46.62% for W&H and
48.35% for Ormco. The results in the present study agreed with the previous study (3,
25, 29, 31) that found mean percentage of force loss in 24 hours was approximately
50%. Although force relaxation in this study was tested for 24 hours according to ISO
standard; however, it would be interesting to see the rate of force decay over a longer
period of time such as in one month to simulate the clinical circumstance. This may be
done in a further study.

The result for this study showed that orthodontic elastomeric ligatures with
greater initial force displayed greater force loss than the others. The statistical
correlation between initial extension force and 24 hours residual force indicated
negative correlation. This result supported the study of Lu et al. (28) who tested
orthodontic elastomeric chains and found that greater initial force showed greater
force decay. When evaluating the statistical correlations between dimensions and
initial extension force, it was found correlation in cross-section thickness (CT) and
inner diameter (ID) except outer diameter (OD). Moreover, it had the highest
correlation in cross-section thickness. This study supported Taloumis et al. (3) who
concluded that thicker orthodontic elastomeric ligature and smaller inner diameter
made greater force. From this study, it may be possible to orthodontists to accurately
choose orthodontic elastomeric ligatures related the cross-section thickness or inner
diameter. However, the difference in force generated might be the result of other
effects such as the differences in composition of orthodontic elastomeric ligature, kept
secret by manufacturers, and the length of time from manufacturing date to testing

date that could not be determined in this study.
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Cytotoxic evaluation by MTT assay

Orthodontic elastomeric ligatures are thermoplastic polyurethane that contain
aromatic diisocyanates. Szycher(55) reported that polyurethane aromatic diisocyanates
could be converted into aromatic diamines that were toxic and potentially carcinogenic
to humans. However, thermoplastic polyurethane has begun to be widely investigated
as an alternative in cardiovascular bio-medical devices due to its durability and
flexibility in extrusion (56). Moreover, thermoplastic polyurethane is usually
considered to be an excellent candidates for blood-contacting application for
hemocompatibility (57).

One approach in the assessment of toxicity of orthodontic elastomeric ligatures is
to assay cytotoxic effect quantitatively using cultured cells. Thus, in this study, the
viability of L929 cells were measured after testing with orthodontic elastomeric
ligature extract in 10% FBS DMEM by the colorimetric MTT assay.

The MTT assay is based on the capacity of mitochondrial dehydrogenase
enzymes of viable cells to convert the yellow water-soluble substrate 3-(4, 5-
dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) into insoluble formazan
crystals. The amount of formanzan product formed is directly proportional to the cell
number. The main advantage of the colorimetric MTT assay is the ability to
differentiate vital cells from mortal cells. This assay is capable of detecting very small
numbers of viable cells (e.g., 200 cells) in a large number of samples with a high
degree of precision by reading on a scanning multiwell spectrophotometer (ELISA
reader). Moreover, the MTT assay can avoid any washing steps that increase
processing time and sample variation and the color is stable for a few hours at room
temperature (69).

The result of this study that followed the ISO 10993-5:1999 method showed that
viable cells number decreased when Ormco, Thai and W&H were tested while
Dynaflex and Unitek increased. The cell response of Dynaflex, Unitek, Ormco and
Thai revealed no toxicity while W&H showed mild toxicity. The result indicated that
Dynaflex and Unitek were safer than others for clinical use. Nevertheless, in this study,
the quantities of pigment leached from color that were added in orthodontic

elastomeric ligatures were not determined due to the commercial secret in additives
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especially color and the requirement of this experiment in evaluating only the toxicity
of thermoplastic elastomers.

Although the findings from this study might be a useful guide to the anticipated
clinical behavior of clear orthodontic elastomeric ligature testing, various colors are
still to be distributed in current market. Therefore, further studies are need to
investigate the relation of colors to provide more information about the color effect on

cytotoxicity of orthodontic elastomeric ligatures.
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CHAPTER VII
CONCLUSIONS

Within the parameters of the present study, designs and material tests, statistical
tests were applied to the result of this study that led to the following conclusions:

1. Significant differences were found in initial extension forces among all brands
of orthodontic elastomeric ligatures. However, when compared between Thai and
Unitek, the result showed no significant differences. Ormco had greater initial
extension force than other brands while Thai had initial forces between Unitek and
W&H. However, from a clinical point of view, these differences could be considered
because this experiment simulated the normal clinical use.

2. For force relaxation at 24 hours, significant differences were found among all
brands of orthodontic elastomeric ligatures. The percentages of force loss were
27.38% for Dynaflex, 36.18% for Thai, 41.49% for Unitek, 46.62% for W&H and
48.35% for Ormco. Ormco had the maximum percentage of force loss while Thai had
a percentage of force loss between Dynaflex and Unitek.

3. From the statistical correlations between dimensions and initial extension
force, it indicated correlation in CT and ID except OD. Moreover, it had the highest
correlation in CT.

4. The orthodontic elastomeric ligature, which produced greater initial extension
force, was displayed a greater percentage of force loss.

5. In cytotoxic evaluation by MTT assay, the percentage of cell viability in
W&H was lower than other brands. Dynaflex, Unitek, Ormco and Thai showed no
cytotoxicity while W&H had mild cytotoxicity.

From the results of this study, initial extension force, force relaxation and
cytotoxicity of Thai orthodontic elastomeric ligature were acceptable according to ISO
21606:2007 and ISO 10993-5:1999. Moreover, the present study suggests that
thermoplastic polyurethane Desmopan® 2586A grade 85A can be suitable as an

alternative for producing orthodontic elastomeric ligatures.
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Raw data of cross-section thickness (CT), inner diameter (ID) and outer diameter

(OD)

Dimension
Samples  Number
CT ID (0)))

(mm) (mm) (mm)

Dynaflex 1 0.697 1.159 2.849
2 0.691 1.124 2.872
3 0.705 1.091 2.842
4 0.699 1.115 2.870
5 0.698 1.098 2.835
6 0.695 1.114 2.864
7 0.697 1.177 2.815
8 0.690 1.102 2.820
9 0.695 1.112 2.873
10 0.693 1.118 2.878
11 0.691 1.133 2.843
12 0.694 1.158 2.855
13 0.696 1.125 2.841
14 0.699 1.123 2.862
15 0.698 1.111 2.857
16 0.697 1.145 2.853
17 0.692 1.125 2.861
18 0.697 1.127 2.840
19 0.691 1.139 2.845
20 0.693 1.105 2.859

Mean 0.695 1.125 2.852
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Raw data of cross-section thickness (CT), inner diameter (ID) and outer diameter

(OD) (cont.)

Dimension
Samples  Number
CT ID (0)))

(mm) (mm) (mm)

Unitek 1 0.686 1.045 3.330
2 0.690 1.039 3.332
3 0.692 1.041 3.333
4 0.699 1.027 3.343
5 0.698 1.029 3.329
6 0.695 1.034 3.347
7 0.691 1.033 3.336
8 0.692 1.052 3.335
9 0.696 1.055 3.310
10 0.692 1.036 3.327
11 0.681 1.041 3.345
12 0.684 1.053 3.300
13 0.687 1.031 3.321
14 0.699 1.034 3.334
15 0.697 1.051 3.339
16 0.688 1.038 3.328
17 0.697 1.046 3.343
18 0.694 1.049 3.326
19 0.686 1.042 3.320
20 0.693 1.039 3.332

Mean 0.692 1.040 3.330
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Raw data of cross-section thickness (CT), inner diameter (ID) and outer diameter

(OD) (cont.)

Dimension
Samples  Number
CT ID OD
(mm) (mm) (mm)
Ormco 1 0.722 1.167 3.07

2 0.721 1.157 3.092
3 0.724 1.173 3.048
4 0.729 1.202 3.015
5 0.726 1.176 3.031
6 0.723 1.192 3.030
7 0.733 1.181 3.029
8 0.726 1.124 3.089
9 0.726 1.146 3.066
10 0.731 1.183 3.039
11 0.726 1.129 3.058
12 0.727 1.179 3.010
13 0.736 1.157 3.072
14 0.733 1.181 3.056
15 0.727 1.187 3.035
16 0.733 1.160 3.040
17 0.729 1.177 3.058
18 0.724 1.174 3.024
19 0.729 1.147 3.061
20 0.723 1.153 3.038

Mean 0.727 1.166 3.048
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Raw data of cross-section thickness (CT), inner diameter (ID) and outer diameter

(OD) (cont.)

Dimension
Samples  Number
CT ID (0)))

(mm) (mm) (mm)

W&H 1 0.762 1.051 3.005
2 0.761 1.012 2.988
3 0.755 1.104 2.995
4 0.747 1.026 2.961
5 0.752 0.996 2.967
6 0.763 1.073 3.026
7 0.748 1.071 2.964
8 0.750 1.062 3.022
9 0.746 1.088 2.993
10 0.748 1.063 2.993
11 0.763 1.056 3.002
12 0.768 1.084 2.970
13 0.764 1.041 3.020
14 0.755 1.067 2.975
15 0.760 1.075 2.982
16 0.751 1.073 2.987
17 0.749 1.069 3.005
18 0.756 1.039 2.970
19 0.767 1.047 2.993
20 0.759 1.045 2.998

Mean 0.756 1.057 2.990
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Raw data of cross-section thickness (CT), inner diameter (ID) and outer diameter

(OD) (cont.)

Dimension
Samples  Number

CT ID (0)))

(mm) (mm) (mm)

Thai 1 0.887 1.190 3.135
2 0.886 1.216 3.121
3 0.887 1.214 3.138
4 0.881 1.217 3.138
5 0.894 1.200 3.133
6 0.887 1.206 3.132
7 0.881 1.218 3.139
8 0.886 1.200 3.148
9 0.884 1.220 3.146
10 0.883 1.216 3.143
11 0.884 1.219 3.112
12 0.886 1.208 3.149
13 0.887 1.205 3.141
14 0.888 1.212 3.127
15 0.879 1.213 3.133
16 0.880 1.215 3.126
17 0.884 1.201 3.139
18 0.887 1.208 3.146
19 0.885 1.207 3.145
20 0.893 1.219 3.131

Mean 0.885 1.210 3.136
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Raw data of initial extension force, 24 hours residual force and percentage of

force loss

Force
Samples  Number
Initial 24 hours % of force loss
N) ™)

Dynaflex 1 2.000 1.430 28.50
2 2.000 1.480 26.00
3 1.970 1.430 27.41
4 2.010 1.540 23.38
5 2.000 1.440 28.00
6 1.970 1.430 27.41
7 1.950 1.470 24.62
8 2.010 1.550 22.89
9 1.980 1.430 27.78
10 2.010 1.520 24.38
11 2.030 1.540 24.14
12 2.000 1.470 26.50
13 2.030 1.480 27.09
14 1.970 1.510 23.35
15 2.010 1.340 33.33
16 2.040 1.520 25.49
17 2.010 1.410 29.85
18 2.040 1.380 32.35
19 2.010 1.330 33.83
20 2.040 1.400 31.37

Mean 2.004 1.455 27.38
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Raw data of initial extension force, 24 hours residual force and percentage of

force loss (cont.)

Force
Samples  Number
Initial 24 hours % of force loss
N) ™)

Unitek 1 2.300 1.330 42.17
2 2.330 1.340 42.49
3 2.210 1.310 40.72
4 2.310 1.340 41.99
5 2.290 1.270 44.54
6 2.280 1.210 46.93
7 2.260 1.420 37.17
8 2.400 1.400 41.67
9 2.400 1.400 41.67
10 2.280 1.210 46.93
11 2.330 1.350 42.06
12 2.390 1.400 41.42
13 2.260 1.410 37.61
14 2.260 1.250 44.69
15 2.270 1.440 36.56
16 2.370 1.440 39.24
17 2.340 1.350 42.31
18 2.210 1.280 42.08
19 2.310 1.380 40.26
20 2.280 1.430 37.28

Mean 2.304 1.348 41.49
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Raw data of initial extension force, 24 hours residual force and percentage of

force loss (cont.)

Force
Samples  Number
Initial 24 hours % of force loss
N) ™)

Ormco 1 2.540 1.360 46.46
2 2.540 1.310 48.43
3 2.530 1.280 49.41
4 2.520 1.320 47.62
5 2.560 1.340 47.66
6 2.570 1.340 47.86
7 2.510 1.220 51.39
8 2.530 1.270 49.80
9 2.610 1.370 47.51
10 2.520 1.290 48.81
11 2.530 1.280 49.41
12 2.520 1.290 48.81
13 2.550 1.330 47.84
14 2.550 1.360 46.67
15 2.540 1.230 51.57
16 2.540 1.250 50.79
17 2.520 1.350 46.43
18 2.520 1.320 47.62
19 2.500 1.300 48.00
20 2.510 1.380 45.02

Mean 2.535 1.309 48.35
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Raw data of initial extension force, 24 hours residual force and percentage of

force loss (cont.)

Force
Samples  Number
Initial 24 hours % of force loss
N) ™)

W&H 1 2.330 1.210 48.07
2 2.360 1.210 48.73
3 2.480 1.350 45.56
4 2.400 1.260 47.50
5 2.350 1.300 44.68
6 2.440 1.270 47.95
7 2.320 1.180 49.14
8 2.420 1.350 44.21
9 2.450 1.380 43.67
10 2.290 1.130 50.66
11 2.440 1.210 50.41
12 2.450 1.360 44.49
13 2.410 1.290 46.47
14 2.390 1.270 46.86
15 2.300 1.120 51.30
16 2.270 1.130 50.22
17 2.270 1.190 47.58
18 2.340 1.420 39.32
19 2.360 1.350 42.80
20 2.360 1.350 42.80

Mean 2.371 1.265 46.62
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Raw data of initial extension force, 24 hours residual force and percentage of

force loss (cont.)

Force
Samples  Number
Initial 24 hours % of force loss
N) ™)

Thai 1 2.270 1.490 34.36
2 2.380 1.420 40.34
3 2.320 1.460 37.07
4 2.240 1.450 35.27
5 2.310 1.480 35.93
6 2.240 1.540 31.25
7 2.240 1.320 41.07
8 2.280 1.400 38.60
9 2.240 1.610 28.13
10 2.300 1.470 36.09
11 2.360 1.410 40.25
12 2.330 1.350 42.06
13 2.340 1.500 35.90
14 2.250 1.470 34.67
15 2.340 1.610 31.20
16 2.330 1.320 43.35
17 2.320 1.570 32.33
18 2.380 1.590 33.19
19 2.340 1.560 33.33
20 2.370 1.440 39.24

Mean 2.309 1.473 36.18
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Specification data sheet of Desmopan ® DP 2586A

Prospector

é.“s wwwides comiprospector
Desmopan® DP 2586A

Bayer MaterialScience AG - Thermoplastic Polyurethane Elastomer
{Poltyester)
Product Description

Extrusion- and injection molding grade: does not contain any anti-hydrolysis agent; food contact applications are possible, contact our HSEQ
department; Application; Blown films

Tuesday, September 23, 2008

General Information

General
Material Status » Experimental: Active
Availability v Africa & Middle East « Asia Pacific + Europe
Features + Food Contact Acceptable
Uses * Film
Processing Method * Blown Film + Extrusion * Injection Molding

ASTM and ISO Properties '

Physical Nominal Value (English) Nominal Value (SI) Test Method
Density 0.0430 Ibfin* 1190 kgim® IS0 11832
Mechanical Nominal Value (English) Nominal Value (SI) Test Method
Tensile Stress 180 527-22
Break 6530 psi 45.0 MPa
100% Strain 810 psi 5.6 MPa
300% Strain 1700 psi 12 MPa
Tensile Strain (Break) 500 % 500 % IS0 527-2%
Abrasion Resistance, 73°F (23°C) o 32.0 mm? 32.0 mm* ISO 4649
Tensile Storage Modulus, -4°F (-20°C) 188 MPa 188 MPa 1SO 6721-1,-4
Tensile Storage Modulus, 68°F (20°C) 47.0 MPa 470 MPa 150 6721-1,-4
Tensile Storage Modulus, 140°F (60°C) 34.0 MPa 34.0 MPa IS0 6721-1,-4
Elastomers Nominal Value (English) Nominal Value (SI) Test Method
Tear Strength 410 Ibffin 71 kN/m 1S0 34-1
Compression Set (73°F (23°C), 72.0 hr) 23 % 23 % ASTM D395
Impact Nominal Value (English) Nominal Value (Sl) Test Method
T‘npacl Resilience 46.0 % 46.0 % 150 4662 -
Hardness Nominal Value (English) Nominal Value (Sl) Test Method
Shore Hardness 180 8682
Shore A, 3 sec 86 86
Shore D, 15 sec 38 38
Additional Information Nominal Value (English) Nominal Value (SI) Test Method
Additional Properties I1SO 6721-2

Torsianal Storage Medulus, -4°F (-20°C) 370 MPa 37.0 MPa
Torsional Storage Modulus, 73°F (23°C) 12.0 MPa 12.0 MPa
Torsional Storage Modulus, 158°F (70°C) 8.30 MPa 8.30 MPa

Processing Information
Nominal Value (English)

Injection Nominal Value (Sl)

Drying Temperature
”Pro:essing {'Me'lt') Temp
Mold Temperature

<176 °F
41010 446 °F

68.0to 104 °F

<80.0 °C
21010230 °C
20.0 to 40.0 °C

Copyright © 2008 - IDES - The Plastics Web &
The information presented on this data sheet was acquired by IDES from the producer of the materal. IDES makes substaniial efforls to assure the accuracy of this data,

Howevar, IDES assumes no responsibility for the data values and strongly encourages that upan final material selection, data puints are validaled with the matarial supplier.
IDES - The Plastics Web ®

800-788-4668 or 307-742-9227 | www.ides.com
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