Laminated Structures for Sports Mouthguards

Thesis Submitted for the Degree of

Doctor of Philosophy

David G Patrick

Department of Oral Health and Development

University of Sheffield



Summary

Aims and Objectives

The aims and objectives of this study are to examine the role of mouthguards and the

materials that are used for their manufacture, the heating process they undergo during
manufacture and how the lamination of different materials into a multi-layered system to

form a composite structure may affect the impact absorbing capabilities.

The effect of heat on pEVA during the manufacturing process was investigated using an
instrumented dropweight impact testing rig and a polariscope to observe internal stress
as it was felt that the physical properties of the material could be adversely afiected by
this part of the process. Laminated structures, using several different matenals, (pEVA,
PMMA, silicone rubber, synthetic wax, modelling clay, soft denture lining material and
a semi-solid synthetic rubber) were tested as it was felt that the lamination of different
materials with a range of physical properties would exhibit less deformation and

transmit less of the impact energy. To ascertain how a mouthguard may react during an

impact event by simulation tests in the impact test rig.

Methods
For the heat treatment of pEVA a furnace was used to heat the test material to near its’

glass transition temperature (Tg) of 84°C £ 3 °C. The material was brought up to Tg

and held at that point for 10 minutes. The specimens were then removed from the

furnace and allowed to cool to room temperature. Heat treated and non-heat treated



samples were placed in a polariscope to observe stress within the material. Dropweight
impact tests were conducted on all samples using an instrumented impact testing rig. All
samples were circularly clamped and force-time and displacement-time plots obtained.

The samples were placed again in the polariscope and any changes in stress were noted.
To observe the processing effects of the manufacturing procedure five mouthguards

were made on the same cast and were brought to various stages of completion. Different
‘lay-ups’ of pEVA along with laminations and sandwiches of pEVA, PMMA, silicone
rubber, synthetic wax, modelling clay, semi-solid synthetic rubber and denture soft
lining were also tested using the dropweight impact tester. For the impact simulation
tests samples of 50mm diameter were placed on top of a PMMA substrate, that was

clamped in the impact rig, to see how the test sample would protect the substrate during

impact.

Results

The Peak Impact Force (PIF) of heat treated pEVA was lower (PIF<140N) than that of
untreated pEVA (PIF=160N). The displacement of the heat treated sample during impact
increased by 66%, (untreated pEVA>18mm centre displacement, heat treated pEVA
>30mm centre displacement). Digital photographic images from the polariscope show
that the heat treatment of pEVA virtually eliminates stress and following impact the
amount of stress, seen photoelastically, was also reduced. Images of material in the
polariscope also indicate that the finishing techniques employed during the
manufacturing process have a direct effect on the stress distribution within the

mouthguard. A Smm laminated structure of pPEVA, PMMA and silicone rubber was able

to absorb more impact energy (PIF = 275N) and exhibited less deformation (1.4mm)



than that of a monolithic structure of Smm heat treated pPEVA (PIF <140N, displacement
>30mm). Simulation tests showed that the Smm thick pEVA protected the PMMA

better (PIF = 325, displacement 6.8mm) than the Imm pEVA (PIF = 340, displacement
7. 7mm).

Conclusions

The mouthguard forming process has a direct effect on the internal stresses of pEVA and
therefore i1ts’ physical response. When pEVA is laminated with PMMA and silicone
rubber the impact absorbing capabilities are better than a monolithic structure of pEVA.
Mouthguards for use in contact sports, therefore, should incorporate a laminated section

of pEVA, PMMA and silicone rubber. Simulation tests show that Smm thick samples

protect a substrate more effectively than 1 — 4mm test samples.
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CHAPTER 1

Introduction

1.1  The History of Mouthguards

Mouthguards have been worn by sportsmen since the turn of the century, in one form
or another. The English boxer Ted °‘Kid’ Lewis, in 1913, began using a
‘mouthguard’ made from a piece of natural rubber that had been trimmed and
hollowed out so that it would fit over the maxillary dentition, he wore it to prevent
chipped or broken teeth resulting from blows to the head. It was not adapted to the
teeth and so retention was very poor, the jaw had to be clenched to hold the
mouthguard in place making it difficult for the wearer to breathe (Chapman 1989;
Flanders 1993). Despite its rather obvious drawbacks other professional boxers and
officials in the sport tried to prevent him from wearing the mouthguard as it was
thought that it gave him an unfair advantage by preventing injury so he wouldn’t
have to retire early from a fight. This kind of ‘unfitted’ or ‘stock’ mouthguard can
still be bought today, although the materials have changed — poly ethylene vinyl
acetate being substituted for rubber. Most sports shops sell them and, surprisingly,
are sometimes recommended to sportsmen and women by their dentist. This type of
mouthguard offers a very low level of protection to the wearer, it also has the added
danger of the possibility that it may become dislodged and obstruct the oropharynx.

Sportsmen should be actively discouraged from wearing such a mouthguard

(Chapman 1986).



During the 1950’s and 1960’s in America mouthguard material research and design
went through a period of rapid development. At this time many field studies were
carried out and materials’ testing was undertaken. From this research (Bishop, et al;
1985; Chapman, 19835; Craig & Godwin, 1967; Going, et al, 1974) it was decided
that the mouthguard should be worn on the maxillary teeth (Croll, 1992) as these
were the most prone to damage, the exception to this being class III arch
relationships, where the mandible protrudes in front of the maxillary teeth, in this
instance the mandibular teeth are recommended to be fitted with a mouthguard
(Powers, et al; 1984). It was at this time that mouth-formed and custom-made
mouthguards were developed. The early studies that were carried out could not seem
to agree as to which type of mouthguard was the best. However, surveys of player
opinion did report that the custom made mouthguard was the best option with regard

to retention, cleanliness, ease of speech, lack of odour, taste and durability (Craig and

Godwin, 1967).

The cost of the custom made mouthguard was and still can be somewhat prohibitive,

which may deter many people from wearing such a mouthguard, regardless of the
fact that nearly all the literature recommends that custom made mouthguards are the

most effective type of protection (Oikarinen, 1993; Turner, 1977).

1.2  The need for wearing mouthguards

Sportsmen and women will spend an inordinate amount of money on the more

visible items of sports equipment such as boots, shoes, clothing and the latest sports



bag; but when it comes to the protection of their mouth it seems that the cheapest

option will do. The implications of this attitude are far reaching. The American

Association for Sports Dentistry states that the cost to replant a tooth and the follow
up dental treatment is about $5000. While sportsmen and women who do not have a
tooth properly preserved or replanted may face lifetime dental costs of $15,000 -
$20,000 per tooth, hours in the dental chair and the possible development of other
dental problems such as periodontal disease, (Sports Dentistry Facts, AASD -
www.sportsdentistry.com). Thankfully dental costs aren’t as high in the U.K. yet,
but in terms of time off from work for a patient attending a dental surgery and the
cost borne by the NHS then the hidden costs soon start to escalate. In wearing a
mouthguard the athlete 1s wearing a protection device that will, if fitted properly,
protect the teeth and other soft oral tissues from trauma due to impact. A

mouthguard will limit the amount of damage sustained during wear and may also

prevent the incidence of concussion from repeated blows to the mandible (Chapman

19835, 1986, 1989).

[t is the purpose of the mouthguard, therefore, to protect the teeth and soft tissues of

the mouth from impact causing injury and to prevent the incidence of accumulative

concussion.

1.3  Investigations

This research will investigate mouthguards in relation to their ability to protect the

oral tissues with regard to such criteria as;



The properties of the material from which custom mouthguards are made,

polyethylene vinyl acetate (pEVA), including the heating cycle of the manufacturing

process as it is felt that this part of the process may have a significant influence on

the way in which pEV A reacts during an impact event.

Design features that may alter a mouthguards’ protective capabilities such as the

lamination of ditfferent materials with pEVA will be investigated, however, the basic

shape of the mouthguard will remain the same as the mouth dictates the ‘horseshoe’

shape.

In an attempt to ascertain how a mouthguard may react during an impact event

simulation testing of the mouthguard material in an instrumented impact testing rig

will be carried out.

The purpose of the study is to examine the role of mouthguards and the materials that
are used for their manufacture, the heating process they undergo during manufacture
and how the lamination of different materials into a multi-layered system to form a

composite structure may affect the impact absorbing capabilities.



CHAPTER 2

Review of the literature

2.1  Defining the mouthguard

A mouthguard, or gumshield as it is sometimes known, is a horseshoe shaped device

that fits closely on the teeth and mucosa of the upper dental arch (athletes that with
class IlI arch relationships may wear a mouthguard on the mandibular teeth) to
protect the wearer’s teeth, lips and gums from impact during contact sports such as

rugby, boxing or hockey. Impacts may be from fists, elbows and other body parts or

from harder objects such as hockey sticks, balls or studded boots.

In wearing a mouthguard the teeth are protected from direct impact to them and from
the teeth in the lower jaw that may, in the event of an uppercut type punch in boxing,
hit them with such force as to cause fracture or chipping of the enamel. Lacerations
of the lips and cheeks and fractured teeth (Figure 2.1) are seen in non-mouthguard
wearing athletes who participate in contact sports, while these injuries cannot always

be prevented by the wearing of a mouthguard the incidence of such injuries is

reduced when a mouthguard is worn (Blignaut et al., 1987).



Fig. 2.1 Typical injury that may be sustained from an impact to the mouth if a

mouthguard i1s not worn.

The mouthguard 1s also thought to help prevent knockouts and concussion from

direct blows to the chin (Chapman, 1985; Hickey, et al., 1967).

2.2  The features of mouthguards

In the prevention of intraoral trauma in sports (Johnsen and Winters, 1991) the

‘characteristics of an 1deal mouthguard’ are said to be:

1) Protection
There must be the maximum amount of protection to the teeth, lips, oral

mucosa and gingiva by cushioning the force of an impact to prevent any

(rauma.
ii) Retention
The mouthguard must stay firmly in place at all times.
iii) Function
It should not interfere with breathing or speech and should be odourless and

tasteless.



iv) Fabrication
Custom made mouthguards should be easy to manufacture, needing minimal

chair and lab time, while cost must not be prohibitive.

If a mouthguard meets all these criteria then the likelihood of an athlete wearing such

a device is greatly improved.

A considerable amount of published research (Chapman, 1989; Clegg, 1969
DeYoung, Robinson, Godwin, 1994) regarding sports mouthguards consists mainly

of comparisons of the types of mouthguard that are available, usually focusing on

such areas as cost, comfort, efficacy and ease of manufacture. The types of

mouthguard studied in these comparative tests are:

i) Stock mouthguards - which come in differing sizes and are ready to use,
(Figure 2.2a) mostly these types are made from either polyvinyl chloride
(although the use of PVC for mouthguards has now been outlawed by the

E.U.), polyurethane or a co-polymer of vinyl acetate or ethylene.

Fig. 2.2a Stock mouthguard

ii) Mouth-formed - can either be a plastic rim lined with a material similar
to a tissue conditioner or a “boil and bite’ type where a thermoplastic rim,

often poly urethane or sometimes poly ethyl vinyl acetate (pEVA),



(Figure 2.2b)is heated in hot water then placed in the mouth and moulded

by biting and sucking.

Fig. 2.2b Mouth formed mouthguard

iii) Custom-made - this type of mouthguard is made in a dental laboratory
on a cast taken from an impression supplied by a dentist (Figure 2.2¢). A
thermoplastic matenal, such as EVA, is heated in a pressure or vacuum

forming machine and when soft enough it is placed over the cast and air

pressure or a vacuum is applied which closely adapts the soft material to

the cast.

Fig. 2.2¢ Custom made mouthguard

Of the types listed it is generally thought that the custom-made mouthguards are the

best and offer the most protection (De Young, Robinson, Godwin, 1994).




2.3  Concussion prevention and the use of mouthguards

Concussion is an alteration of consciousness, disturbance in vision and equilibrium
caused by a direct blow to the head, rapid acceleration and/or deceleration of the

head, or direct blow to the base of the skull from a vertical impact to the chin.

There are several levels of concussion (Cantu, 1986).

e Grade 1 (mild): No loss of consciousness (LOC) and Post traumatic amnesia

(PTA) less than 30 minutes.
e Grade 2 (moderate): LOC less than 5 minutes or PTA greater the 30 minutes.

e Grade 3 (severe): LOC greater than 5 minutes or PTA greater than 24 hours.

According to E. Williams, DMD (www.sportsdentistry.com) concussive and sub-
concussive blows are continually transmitted to the jaw joint during athletic

competition. Symptoms include headaches, earaches, facial pain, photophobia,
vertigo, and impaired speech. During a blow to the chin, in most instances, the

temporal bone is violated as it houses and channels cranial nerve trunks as they exit

the base of the brain, blood supply to the brain, and auditory and balance

mechanisms.

In 1964 it was recognised that dental/facial injuries, concussions and head and neck
injuries were dramatically reduced when mouthguards were worn by a particular

American football team, (Stenger, 1964). Other researchers have also reported that

properly made custom mouthguards reduce the rate of concussion as well as dental

and mandibular injuries, (Heintz, 1979 and Chapman, 1985). Stenger further stated,




"The use of mouthguards should be encouraged in all contact sports as the most
important value of the mouthguard is the concussion saving eftect following impact
to the mandible. This fact alone should make the wearing of mouthguards
compulsory in all contact sports". Hickey (1967). showed both intracranial pressure

and bone deformation were reduced with mouth protectors.

When custom fabricated mouthguards are made, all posterior teeth can be
comtortably covered with a predicted and consistent prescribed thickness to properly
separate the teeth from impact to the jaw. In turn, the force of impact can be
absorbed and equally distributed throughout the mouthguard. With proper thickness
In the posterior segment of the mouthguard, the mandible and condyle are separated.
figure 2.3a, and the force 1s not transmitted to the base of the brain. Insutficient
thickness or when a mouthguard is not worn the condyle is in contact with the fossa

and the force can be transmitted directly to the cranial base, figure 2.3b.

Fig. 2.3a Fig. 2.3b
With a mouthguard the mandible Without a mouthguard the mandible
1S separated from the maxilla. 1s in contact with the maxilla.

In all contact sports, when mouthguards are not worn, the mandible i1s placed in the

most vulnerable position for injury and concussion, upwards and back into the fossa

10



and base of the skull. It is no coincidence that in American football the position that
least wears a mouthguard (quarterback) is the position that sustains the most
concussions from blows to the chin (www.sportsdentistry.com/). The reason for the
non-compliance of mouthguard wearing in this position is because it is thought,

incorrectly, that speech will be affected. Mouthguards can be properly made for

speech and comfort and still fulfil the important job of concussion prevention

(www.sportsdentistry.com/).

It 1s important to seek treatment of a qualified dentist that uses a good dental
laboratory for proper mouthguard design and fabrication. Over the counter

mouthguards do not produce the fit and expected protection that a laminated pressure

fabricated mouthguard delivers, (De Young et al., 1994).

According to Ray Padilla (www.sportsdentistry.com/) in his 16 years of providing

custom made athletic mouthguards for American football players, while wearing a

properly fabricated custom made mouthguard there has been a significant decrease in

numbers and severity of concussions.

It 1s felt, however, that more studies need to be done to further substantiate the
relationship between mouthguards and concussion prevention. As stated by Dr E.

Williams, "scientific research is difficult because we do not presently have a
biofeedback articulated head-form with injury sensing capabilities to provide realistic

responses, injury assessment, and force tolerance of the jaw joint",

11



(http://www.sportsdentistry.com). However, practical experience has shown that a

relationship is evident.

2.4 Relative merits of mouthguards

1) Stock mouthguards

Protection - least protective of all mouthguards. This type of mouthguard is
often altered and cut by the athlete in an attempt to make it more comfortable,

further reducing the protective properties of the mouthguard.

Retention — extremely poor, must be held in place by constantly biting down.

Function - They are bulky and lack any retention, and are held in place by
constantly biting down. This interferes with speech and breathing, making
the stock mouthguard the least acceptable and least protective, therefore

functionality is greatly reduced.

Fabrication — no alteration or fabrication is required although the athlete

may alter it to improve comfort.

i) Mouth-formed/boil and bite mouthguards

Protection - Athletes often cut and alter these bulky and ill fitting boil and
bite mouthguards due to their poor fit, poor retention, and gagging effects.
This in turn further reduces the protective properties of these mouthguards.

When the athlete cuts the posterior borders or bites through the mouthguard

12



during forming, the athlete increases their chance of injury, especially

concussion, from a blow to the chin.

Retention - Available in limited sizes, these mouthguards often lack proper

extensions and repeatedly do not cover all the posterior teeth so due to these

factors retention is generally poor.

Function - boil & bite mouthguards provide a false sense of protection due to
the dramatic decrease in thickness occlusally during the moulding and

fabrication process (Park, 1993).

Fabrication — fitted by the athlete after immersing in hot water then placing
in the mouth and formed by biting and sucking. This process often leads to a

mouthguard that is too thin occlusally and labially.

i)  Custom made mouthguards

Protection — as the mouthguard will be of a sufficient thickness occlusally

and labially they offer the best protection to the wearer.

Retention — custom made mouthguards are made on a model of the athlete’s

upper dental arch and are very close fitting so retention is excellent.

Function — as they are made by dental professionals the mouthguard fulfils

all the criteria for adaptation, retention, comfort, and stability of material.

13




They interfere the least with speaking and breathing and will protect against

concussion better that the other types of mouthguard.

Fabrication — they are custom made on a model of the patient’s teeth in a
pressure or vacuum forming machine from a thermoplastic — usually EVA.

(www.sportsdentistry.com/ , DeYoung, et al; 1994, Flanders; 1993, Francis &

Brasher; 1991, Going; 1974, Hoffmann, et al; 1999).

For wider acceptance and awareness of the use of mouthguards Chapman (1989)
considers the role of a ‘team dentist’ to be a very important one. Such a person is
able to provide professionally manufactured mouthguards from a dental laboratory to
anyone involved in a contact sport. Also they must recognise ‘injury prone
dentition’ so that the prevention and treatment of any orofacial injuries that may
occur can be dealt with quickly and effectively. Chapman (1989) endeavoured to
promote awareness amongst the dental profession and to stimulate dentists’ interest
in this area and to become more closely involved with sporting clubs at a
consultative level. He identified central and lateral incisors as the most frequently
injured teeth, involved in four fifths of all injuries, the central incisors being four

times more frequently damaged than the laterals. It is reasonable to assume,

therefore, that prominent incisors - class II malocclusions especially - could be

defined as ‘injury prone dentition’.

A number of papers relating to mouthguards, (Flanders 1993; Lee-Knight et al, 1991;
Widmer 1992; Deyoung, Robinson and Godwin 1994; Flanders and Bhat 1995;

Scott, Burke and Watts 1994; Kay er al, 1990; Welbury and Murray 1990)

14



concentrate on reporting the incidences of orofacial trauma in sport and conclude that
mouthguards should be worn during sport to prevent such trauma from happening.

All of which would appear to be fairly obvious to the casual observer. Other papers,
however, especially those from the U.S., compare the mouthguards that are available

and their acceptance by athletes and sports coaches or their governing bodies

(Lancaster and Ranalli 1993; Morrow ef al, 1984; Nachman, Smith and Richardson
1965; Powers, Godwin and Heintz 1984). The one common factor that all papers
have is to conclude that in order to prevent or minimise orofacial injury a
mouthguard, preferably custom-made, should be worn by any athlete participating in
a sport, or training session where injury to the mouth is likely to occur. Thus the

evidence avatlable points overwhelmingly to the custom made mouthguard being the

preferred option.

The Academy for Sports Dentistry in the U.S,, in 1991, listed forty sports in which
the wearing of a mouthguard would be beneficial to the athlete. Apart from the

obvious contact sports others in the list are a little bewildering as to why a
mouthguard should be worn, for example - acrobatics, horse riding, surfing,
gymnastics, trampolining, parachuting and weightlifting! It is in sports where there
is no perceived risk to the dentition however, that dental injuries are seen possibly
more frequently than organised American football or hockey in the U.S. where the

wearing of mouthguards at collegiate level has been mandatory for twenty years.
A more recent development came in 1990 when the NCAA Football Rules

Committee made it mandatory for “mouthguards to be yellow or any other visible

colour”. The reason for this is that it is within the officials’ remit to enforce the

15



mouthguard rule during games, so if the mouthguard is coloured it is easily seen
whilst being worn and more easily found on the pitch if lost. As a ‘spin-off’ from

this rule mouthguards are now being requested in specific colours and combinations
of colours to reflect a teams’ colours; also colour conscious teenagers are even

requesting coloured mouthguards for sports that do not necessarily require the

wearing of a mouthguard (Johnsen and Winters, 1991).

2.5  Summary of the ideal mouthguard

It is the purpose of a mouthguard to do, quite literally, what its name implies. It

should protect the teeth from fracture by an impact. Protect the lips and cheeks from

the teeth in the event of an impact, protect the teeth from each other when the

mandible suffers an impact and also from bruxism, as some players tend to grind

their teeth whilst participating in their chosen sport.

More recently emphasis is being placed on prevention of concussion and knock-outs

by having a sufficient thickness of material occlusally to keep the condyle out of

contact with the glenoid fossa. As it is the action of the condyle impacting against

the glenoid fossa that directs the force of a blow directly to the brain, thereby causing
unconsciousness and/or concussion. This thickening of the occlusal part of the
mouthguard, to keep the condyle and glenoid fossa out of contact can also prevent
fracture of the ramus and neck of the condyle (Johnsen and Winters 1991). Recently
the influence that mouthguards may have on the prevention of concussion has been
called in to question, and it has been said that “the ability of mouthguards to protect
against head and spinal injuries in sport falls into the realm of ‘neuromythology’

rather than hard science” (McCrory, 1999). Whether the mouthguard does prevent

16



concussion or not the fact that mouthguards protect the mouth still remains. It is felt
that further investigation is needed to determine the effects of how impacts to the
mandible may transfer an impact to the brain and whether the wearing of a

mouthguard has any stgnificant bearing on the transfer of impact energy to the brain.

A sportsman or woman, who wears a mouthguard, is a more confident participant in
their sport as they are less concerned about receiving a traumatic blow that could
affect consciousness or result in a disfiguring injury; they concentrate more of their
efforts on the execution of their sport (Johnsen and Winters, 1991; Jakush, 1982;
Nachman and Richardson, 1965). It could, therefore, be surmised that athletes who
wear mouthguards and other such protective devices play their sport harder and
faster than they might if they weren’t wearing a mouthguard, thus making it more
important for the non-mouthguard wearing players to wear a mouthguard and any
other necessary protective equipment. Generally stock mouthguards are thought to be
the least favourable as they offer the least protection and may even be thought of as

dangerous as they may give a rugby player, for example, a false sense of security

(Widmer, 1992).

Very little of the literature available is concerned with the improvement of
mouthguards and their ability to protect the teeth, tongue and lips. Some of the more
relevant studies (Holt, et al, 1991; Kawano, et al, 1993; Kawano, et al, 1991) seem to
be in the field of soft lining materials for full and partial dentures. The studies

carried out examine the way in which a soft or resilient lining can evenly distribute a

pressure applied to it and thereby effectively reducing the amount of load that is

transferred to the underlying structures.
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However, the loading conditions for soft liners are quite different to those
experienced by a mouthguard. In the case of a soft liner its function is to provide an
even distribution of the load. In the case of the mouthguard it has to absorb a high
energy impact. Distribution of the resultant force is one feature that the mouthguard

has to perform, and a more important feature is the mouthguard’s capacity to

dissipate the high energy of the impact load in such a way as to cause minimal

damage to the underlying structures.

From work carried out on the use of soft lining materials as a shock absorbing layer
within a partial denture (Parker, 1966) the idea of laminating different materials to
absorb an impact was arrived at. Parker, instead of having the soft lining material
bonded to the acrylic so it was in contact with the mucosa incorporated a layer of the
material between two layers of acrylic. It was found that when a load was applied it
was distributed more evenly to the mucosa and was also reduced when compared to

an all acrylic denture or one that had a soft lining that was incorporated in the usual

manncr.

2.6  Materials for mouthguards

All mouthguards are formed from polymers. The word polymer can be literally
translated from the Greek to mean many parts, (polus, many and meros, parts). The

term is used to describe materials that are made up of many units, these units either
being single atoms or a small group of atoms in a state of chemical combination,
(Treloar, 1970). When determining the properties of a polymer the spatial structure

is important as well as the chemical composition and molecular weight. There are
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three basic types of structures (Figures 2.4 — 2.4.4): linear, branched and cross-

linked, (Craig, 1993).

Linear homopolymer Figure 2.4
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Branched copolymer, (random) Figure 2.4¢
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Cross-linked polymer Figure 2.4d

Linear homopolymers have mer units of the same type, random linear co-polymers
have two mer units randomly distributed along the chain. Branched homopolymers
consist of the same units along the chain and the random branched co-polymers again
consist of two mer units randomly distributed along the chain. The cross-linked
polymer that is illustrated is made up of a homopolymer that is cross-linked with a
single cross-linking agent (Craig, 1993). Cross-linking affects the physical
properties of a polymer to lesser or greater degrees depending on the amount of

cross-linking that takes place. Small amounts of cross-linking will limit the amount
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of movement of the polymer chains relative to each other when the material is

stressed, thus deformation is elastic rather than plastic. Extensive cross-linking has

the effect of making polymers harder and more brittle.

2.7  Physical state of polymers

Polymers tend to exist in one of four physical states:

1) elastomers or rubbers
ii) hard amorphous polymers (organic glasses)
iii)  hard partially crystalline polymers

iv) fibres

The effect of intermolecular forces on the more rubbery polymers increases as
temperature decreases below room temperature and at a reasonably well defined
temperature (Tg, the glass transition temperature) the forces become so large as to

inhibit uncoiling of the long chain molecules. Therefore, below the glass transition

temperature the material will be rigid like polymers of type (ii) above.

If a polymer of type (ii) is heated it is found to lose rigidity at a well defined
temperature above room temperature and become rubbery. The difference between
polymers of type (i) and type (ii) is that the former have a Tg well below room

temperature, whereas the Tg of the latter is above room temperature (Combe, 1986).

Another way of classifying polymers instead of by their spatial structure is according

to whether they are thermoplastic or thermoset.
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All polymers are formed from a monomer and during the polymerisation process
they either become linear polymers that stay quite soft at room temperature such as

wax and are known as thermoplastic, or they become branched or cross-linked

polymers that are stiff at room temperature such as acrylics and restorative composite

materials — these are known as thermoset.

Mouthguards are generally formed from EVA, a thermoplastic polymer, mainly
because they are relatively cheap and are very easy to manipulate using modern

dental laboratory equipment. A disc or square sheet of the thermoplastic material is

heated to beyond Tg, the material is then rapidly adapted to a dental cast by either air

pressure or vacuum before the material can cool to below Tg. The material is then

left to cool for several minutes, still under vacuum of increased air pressure, to

ensure stability of the material in its new shape.

2.7.1 Viscoelasticity

A viscoelastic material exhibits properties characteristic of both a solid and a liquid.
The occurance of viscoelastic properties in a material are dependant, to a large

extent, to the environmental conditions, particularly temperature. In general, most
polymers exhibit viscoelastic behaviour when a load is applied over a period of time.
The time dependence of a viscoelastic material is better understood by considering

the material as a combination of an elastic solid and a viscous fluid as follows:
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Elastic solid (recoverable) + viscous fluid (non-recoverable)

or,
oc=FEe¢ + o = n.de/dt
(Hooke’s Law) (Newton’s Law)

viscoelastic solid
o =F[¢gt]
this is the expression for a general non-linear viscoelastic solid where the stress is a

general function (F) of the strain and time,

(http://www.nottingham.ac.uk/~eazacl/H3CPOE/Viscoelasticity.pdf)

For amorphous polymers large changes in viscoelastic behaviour may be brought

about by the prescence or absence of chemical cross-links or by changing the

molecular weight which controls the degree of molecular entanglement or physical

cross-linking, (Ward, 1971).

The effects of chemical or physical cross-links are two-fold. Firstly chemical cross-
links prevent irreversible molecular flow at low frequencies or high temperatures and
thereby produce a rubbery plateau region of modulus or compliance. Physical cross-

links due to entanglements will restrict molecular flow by causing the formation of

temporary networks.

Secondly, the value of the modulus in the plateau region is directly related to the

number of effective cross-links per unit volume.

23



2.7.2 Temperature dependence of elastic modulus

To understand the temperature dependence of the mechanical properties of
viscoelastic solids it is necessary to understand the molecular processes which occur
during time-dependant deformation. Typical behaviour is illustrated below (Fig. 2.5)

which shows the variation in stress relaxation modulus for typical amorphous and

semi-crystalline polymers.

1 {10 ) ‘
Amorphous Semi-crystalline
4 !
10* !
0w o' 157 9* 10! 1ot 104 108 103 fat
Time (hrs) Time {hrs)

Figure 2.5 Typical creep compliance modulus versus time curves for amorphous and

semi-crystalline polymers.

(http://www.nottingham.ac.uk/~eazacl/H3CPOE/Temperature_Effects.pdf)

The amorphous polymer shows the four expected regions of viscoelastic behaviour,
i.e. glassy, viscoelastic, rubbery and flow regions. Although differences in time scale
exist for different polymers, the general shape is the same for all. At short times the
material exhibits a glassy state (G(t) ~ 10°N/m?), the stiffness relating to changes in
the stored elastic energy on deformation associated with the rigidity of the molecular
chain backbone. The motions are restricted to vibrations and large stresses are

required to cause deformations. As time is increased the modulus decreases rapidly.
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Additional modes of motion associated with rotation of chain segments about the
main chain backbone take place. At longer times the modulus reaches a rubbery
plateau where the material exhibits the characteristics of rubber elasticity (G(t) ~
10°N/m?). This is associated with entanglements between and among the long chain
molecules. At these long times the molecules show considerable flexibility so that in
the undeformed state they adopt conformations which lead to maximum entropy (or
minimum free energy) and elastic deformations are due to changes in conformation.

The glassy and rubbery moduli are generally independent of time within their region

of operation.

As previously stated, for amorphous polymers the viscoelastic behaviour may be
changed by the presence or absence of chemical cross-links, or by changing the
molecular weight which controls the degree of entanglement. The value of modulus

in the plateau region is directly related to the number of effective cross-links per unit

volume and hence the molecular weight (i.e. greater molecular weight — larger

number of cross-links — higher relaxed modulus).

Crystalline polymers behave very differently from amorphous polymers. The

presence of a crystalline fraction tends to greatly stiffen the structure and causes the
relaxation to be much less distinct and broader in time scale. Moduli generally only

change from ~ 10”to 108 or 10" N/m?.

(http://www.nottingham.ac.uk/~eazacl/H3CPOE/Temperature _Effects.pdf)
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2.8 Silicone

Silicones are synthetic polymers and are not found naturally. They have a linear,
repeating silicon-oxygen backbone akin to silica. However, organic groups attached
directly to the silicon atoms by carbon-silicon bonds prevent formation of the three-
dimensional network found in silica. These types of compound are also known as
polyorganosiloxanes. Certain organic groups can be used to link two or more of
these silicon-oxygen backbones and the nature and extent of this cross-linking

enables a wide variety of products to be manufactured.

(http://www silicone-review.gov.uk/silicone/)

Silicone compounds can exhibit unusual behaviour in that a silicone can be a liquid
and a solid at the same time. In much the same way that bitumen will creep over
time or shatter like glass if struck with a hammer some silicone polymers react in a
similar way. An example of this ‘elastic behaviour in liquids’ is provided by the

silicone polymer known as ‘bouncing putty’. The backbone structure of the silicone
chain consists of alternate silicon and oxygen atoms. To each of the silicon atoms is

attached a pair of hydrocarbon side-groups, which in the case of the most common of

the silicones are simply methyl groups, thus

FH; (|3H3

— Si— O— Si— 00—
| |
CH; CH;
Whereas most polymers in the molten or fluid state are extremely sticky, the

silicones are remarkable for their lack of stickiness. This property makes it possible

to demonstrate bouncing properties which, though inherent in other rubber-like

20




polymers, can not be so readily observed because of the general tendency of such

materials to adhere to any surface with which they come into contact.

Bouncing putty is a silicone polymer that looks and feels like a putty, it can be

moulded in the hands to any form. Unlike putty, however, it does not keep its shape
after moulding, and if put into a beaker it will flow until a perfectly smooth

horizontal surface is attained. Over time it will flow out of a beaker in a stream or it

can be moulded into a ball and bounced. The bouncing properties of this silicone are
due to the presence of a network of entangled long chain molecules which have

elastic properties similar in principle to those of rubber in the unvulcanised state,

(Treloar, 1970).

2.9 Poly ethylene vinyl acetate

Polyethylene vinyl acetate or pEVA is a co-polymer of polyethylene (Table 2.9) and

vinyl acetate (Table 2.9a).

Polyethylene

thermoplastics, fibres

free radical chain polymerisation, Zieglar-Natta

polymerisation, metallocene catalysis polymerisation

Melting temperature | 137°C
temperature

Table 2.9
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Molecular formula of polyethylene: CH;

Polyethylene is probably the polymer seen most in daily life; it is the most widely
used plastic in the world. It is the polymer that makes grocery bags, shampoo
bottles, children’s toys, and even bullet proof vests. For such a versatile material, it
has a very simple structure, the simplest of all commercial polymers. A molecule of

polyethylene is nothing more than a long chain of carbon atoms, with two hydrogen

atoms attached to each carbon atom, (Figure 2.5)
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Figure 2.5 Molecular structure of polyethylene.

Vinyl acetate

thermoplastics, adhesives, packaging, paint
. o emulsion polymerisation, anionic vinyl polymerisation,
Polymerisation free radical polymerisation

Melting temperature | 100C
Glass transition o

Table 2.9a

Molecular formula of vinyl acetate monomer (acetic acid vinyl ester): C;HgO,
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Many manufacturers were involved in the development of vinyl acetate co-polymers,

with DuPont filing a patent in 1956 and introducing the Elvax range of materials in

1960. This is based on the co-polymerisation products of ethylene, with vinyl acetate
and is normally produced either from bulk continuous polymerisation or solution

polymerisation. The former produces low molecular weight co-polymers useful for
coatings, hot melt adhesives, etc., whilst the latter yields high molecular weight

products for tougher applications.

Poly ethylene vinyl acetate properties

e R
e I )

Izod Impact (1/8 inch) 2.9 2.8
(ft-1bs/in)

Table 2.9b

As the level of vinyl acetate in the copolymer increases so the level of crystallinity
found in polythene alone reduces from about 60% to 10%. This yields products
ranging from materials similar to low density polythene to flexible rubbers.

Common grades can contain from 2% to 50% vinyl acetate. Clarity, flexibility,
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toughness and solvent solubility increase with increasing vinyl acetate content. Of
particular note is the retention of flexibility of pEVA rubber grades down to (-70C)

and because they are co-polymers, problems due to plasticiser migration are not

experienced.

Good resistance to water, salt and other environments can be obtained but solvent
resistance decreases with increasing vinyl acetate content. The co-polymers can
accept high filler and pigment loadings. Being thermoplastic pEVA can be moulded
by extrusion, injection, blow moulding (in the case of mouthguards, pressure

forming), calendaring and rotational moulding. Crosslinking with peroxides can

produce thermoset products.

Applications are diverse, such as flexible shrink wrap, footware soles, hot melt and
heat seal adhesives, flexible toys, tubing, wire coatings, medical gloves, masks,
babies' dummies and bottle teats. Crosslinked foamed tyres have been used for

tough service. Many grades and modifications now exist to meet modern demands

from these versatile pEVA copolymer types,

(http://www . plastiquarian.com/eva.htm).

2.10 Encrgy absorption & materials testing

In their discussion Craig and Godwin (1967) went on to say that caution should be

exerciscd when interpreting the energy absorption results, “since a high energy
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absorption does not necessarily indicate protection of the underlying teeth.” The
harder urcthanes may transmit more energy to the underlying teeth than some of the
softer materials, such as polyvinylacetate-polyethylene which was found to have
lower energy absorption than the urethanes. The latex that was tested had the lowest
energy absorption and due to its exceptional softness would allow the highest
penctration during impact loading, therefore transmitting a large percentage of the
energy to the teeth. The polyurethanes tested exhibited high energy absorption in the
static and dynamic tests, energy absorbed per cycle 0.054 — 0.07 in-lbs and 2.24 -
3.27 in-lbs respectively. However, Duraguard had a higher energy absorption in the
static test (0.09 in-lbs) but this material was not tested dynamically and the material
Jectron had the highest figure for the static test, 0.17 in-1bs and the second highest for
the dynamic, 4.06 in-lbs; the highest being for Plastisol #1, 4.18 although this
material was not static tested. As Craig and Godwin did state that high energy
absorption docs not necessarily indicate protection of the underlying teeth and that
some of the softer materials had better energy absorption than the stronger, harder,
more tough materials this could then be an indication that the lamination of several

different materials with different properties could protect the teeth from trauma better

than a single material mouthguard.

A visco-elastic polyurcthane, Sorbothane, that has been used in orthopaedic and
sports applications due to its shock absorbing properties was tested by Bulsara and
Matthew, (1998) as an intermediate layer between two layers of EVA. A piezo-
electric transducer was used to measure the peak force transmitted through samples
with and without the Sorbothane layer from a free falling steel ram. Bulsara and

Matthew concluded that using an intermediate layer of Sorbothane may dissipate
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significantly the force of impact from a blow to the teeth and jaws. As there is no
report of how the mouthguard material is held in place or how the pressure
transducers are mounted it can not be assumed that they were held rigidly when the
steel ram impacted the test piece. In respect of this it could be surmised that some of
the impact force may have dissipated because of the test piece not being in firm
contact with the pressure transducers and therefore deformation of the material prior
to the material coming into contact with the transducers is not recorded. However, in
their results they compare a laminated sample of pPEVA with a sample that was a
laminate of pEVA and Sorbothane and the results indicate the sample with the
Sorbothane transmitted approximately 30% less force than the laminate of pEVA.

Results, therefore point to the use of laminated mouthguards that incorporate a

material other than pEVA to act as a shock absorbing layer.

Bishop et al., 1985, carried out tests on various compositions of polyvinyl acetate-
polyethylene copolymers; all had varying percentages of PVA ranging from 7.5% to
33%. Tests that were carried out included, tear strength, water absorption,
compression tests and static and dynamic energy absorption. To determine dynamic
energy absorption a calibrated glass tube was positioned over the mouthguard

material to allow a 12.7mm diameter steel ball to fall from a predetermined height

then the subsequent rebound can be measured. The energy absorption was calculated
from the difference in potential energy of the ball between its initial rest position (/0)

and the height of the ball at the maximum rebound height (ki) using the following

formula:

Absorbed energy = mg(ho — hi)
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It was concluded that the best material was one that contained 18% PVA as the
investigators deemed that it best fulfilled their pre-set criteria of what a mouthguard
material should be like. The static test values were determined on 2.54cm diameter
discs compressed in an Instrom Tester, Static tests don’t really have a great deal of
relevance when trying to assess a materials reaction to an impact and the rebound

test. While it is interesting to see, it does not give a clear indication of the dissipation

of the impact due to there being no instrumented data acquisition as such. Although
the research highlighted the need for a material that can absorb the energy from an
impact and not undergo permanent deformation, there i1s no mention of whether the

best energy absorbing material has the steel ball bouncing the highest or lowest out

of the test.

A pendulum style indentor, on testing apparatus, similar to a Charpy or Izod impact,
rig was used by Westerman et al., (1997) to assess the energy absorption properties
of a material that contained pockets of air. In their introduction it was stated that
“elasticity of the copolymer determines the effectiveness of the mouthguard material
through the absorption of impact energy as it is transmitted to the underlying tissues”
however, the higher the elasticity of the material then the higher the rebound energy
must be with the resultant rebound affecting the underlying tissues. The head of the
swing arm on the indentor was fitted with a Briiel and Kjaer accelerometer, type
4335. The acceleration of the pendulum was measured to calculate the peak
transmitted force through the mouthguard material. It was reported that the inclusion
of air cells within an EVA copolymer mouthguard material produced a reduction in

transmitted forces when the impact was less than 10 kKN. It was also reported that
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the sample with the biggest air cells had the best energy absorption, although other

workers (Greasley et al., (1998) reported that no beneficial effects are expected from
the inclusion of pockets of air. The work that was carried out shows the potential for
using novel shock absorbing systems in mouthguards and is working towards a
material that has shock absorbing qualities without transmitting the impact energy to
the underlying tissues. The use of a laminate system, incorporating a soft compliant

structure rather than a hard one, for protection being indicated as opposed to a single

thickness of pEVA.

Physical and mechanical tests were employed to discover the basic properties of 57
different mouthguard products, Going et al., (1974). As well as carrying out tests to
determine water sorption, tensile strength, elongation and tear strength tests for
impact energy absorption and resistance to impact penetration were performed.

Impact energy absorption and impact penetration resistance were measured with a

Scott Tester by the rebound pendulum method, a similar test to that of Craig and
Godwin, 1968. In this dynamic test a freely swinging pendulum is allowed to strike

a test specimen that is held firmly in the apparatus. The maximum rebound of the

pendulum is recorded and the difference between the release angle of the pendulum
and the rebound angle is then indicative of the amount of energy absorbed by the
material. A rebound of 100% indicates no energy absorbed, whereas zero rebound
indicates that all the energy of the swinging pendulum has been absorbed by the
material. The amount of penetration at impact was measured by adjusting the
electrical contacts on the specimen holder and pendulum so that they just touched at
maximum penetration. The contact completed an electrical circuit which was

indicated by deflection on a voltmeter. This test tends to be rather destructive and
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doesn’t really demonstrate how the energy is transmitted or dissipated. Energy
absorption is clearly indicated as being an important factor in the properties required

although how this could be translated to a mouthguard design is not clear.

In the energy absorption tests carried out by Park ef al.,, (1994) it was reported that
the impact tests provided information on the peak impact forces observed and the

amount of energy lost on impact. For the tests two stainless steel balls (2.54cm and

5.08cm in diameter) were used to vary the speed and amount of impact force. The
small ball had a mass of 66.8g and was dropped from a height of 85.73cm while the
large ball had a mass of 473.4g and was dropped from 25.4cm. A force transducer
was positioned beneath the test specimen so that the force of the impact could be
recorded. The impact event was digitised so that a graph that displayed the impulse
could be plotted and also so that the transmitted impulse through the polymer sheet

could be determined. Carbon paper was inserted between the test specimen and the

transducer to estimate the area of impact; this area was used to calculate the
transmitted impact stress. The information obtained from the force transducer and

from the carbon paper, albeit somewhat crude, is interesting to see but doesn’t say a

great deal about what amount of impact, if any, was absorbed by the material.

Craig and Godwin’s, (1967) study of the physical properties of materials for custom
made mouth protectors comprehensively tested different materials that were
available at the time for the production of sports mouthguards. The tests that they
carried out were; tensile strength, hardness, water absorption and energy absorption
which was determined using static and dynamic testing. The static test values were

determined on one inch diameter discs compressed in an Instron Tester.
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Deformation versus load curves in compression and decompression were obtained at
a deformation rate of 0.5 inches per minute. The energy absorbed was determined by
measuring the area between the compression and decompression curves or hysteresis

loop. The energy was calculated by converting deformation to strain and load to

stress: the product of these two terms divided by the volume gave the values of

interest.

2.11 Summary of the literature

The literature that is available relating to the testing and efficacy of sports
mouthguards, while it is worthwhile and furthers the debate about mouthguards in
general, does not directly lead to any firm conclusions other than that custom
mouthguards should be worn to prevent injury and that they should be of a certain
thickness so that they help to prevent concussion. All in all it is fairly inconclusive.
The ideas behind some of the related research in cushioning impact and preventing
trauma need to be applied in some way, but keeping in mind the constraints that are
put on the design of mouthguards. A great deal of the rest of the published research
into mouthguards tends to focus on athletes’ and coaches attitudes towards
mouthguards and their comfort. Whilst other research (Blignaut J B, Carstens I L,
Lombard C J, 1987; Bolhuis J H A, Leurs ] M M, Flogel G E, 1987, Flanders R A,

1993) relating to mouthguard usage tend to be case studies of oral trauma, studies of
general trauma from participating in sport that may result in injury to the mouth or

studies relating to the compliance of mouthguard wearing.
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Research into the cushioning of an impact and impact systems that are in place for
personal protection use very similar basic designs, in that they use materials with
different physical characteristics, in terms of stiffness and compliance, that when
they are put together the overall effect is to achieve maximum protection from an

impact. Motorcycle crash helmets, bullet proof vests, sports shoes, shin guards and

the use of denture soft lining materials are all examples of shock absorbing systems
where two or more materials are being used in a composite structure that utilise an

outer layer that is stiffer than the inner more compliant material.

2.12 Methods that have been used to assess mouthguards and their materials

There are four possible ways in which mouthguards may be, and have been,

evaluated.

1) Materials properties testing

Many properties have been measures but it is still not clear as to how this
information translates into a good indicator of mouthguard performance.

ii) Design features

Features such as shape are relatively limited, however, mouthguard thickness and

incorporation of shock absorbing layers into the mouthguard need more close

examination.
iii)  Simulations
Few studies have been carried out and those that have been have produces

ambiguous results.
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iv) In-situ
There is little evidence as to the merits of the custom made mouthguard over any

other type of mouthguard. The consensus, however, 1s that custom made 1s the best.

A testing regime for mouthguards to be assessed in a more coherent manner would,
in the course of the testing programme, give a better indication of the performance of

a mouthguard when dealing with an impact event in a real life situation would be

(Figure 2.6):

Matenal properties
S

BN

Figure 2.6 Proposed testing regime for mouthguards

The testing of mouthguards and the materials from which they have been made has
been done in much the same way over the years. Many comparative studies have

been made of the vanous types of mouthguard available and of the matenals from

which they are made (which may vary slightly from firm to firm).
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