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ABSTRACT 
 Accidents during contact sport activities are one of the causes of orofacial 
trauma. Many types of sports activities put participants at risk of orofacial injury. 
Retrospective surveys of various groups of athletes have found that 10 to 61 % have 
experienced at least one orofacial injury during their participation. However, most of 
these types of injuries can be prevented with the use of properly fitted protective 
athletic equipment. The majority of research studies suggest that an adequate thickness 
of Ethylene Vinyl Acetate (EVA) mouthguard is 4 mm. Yet, 4 mm is too large and 
would also be unsuitable neurophysiologically. It is necessary to consider player 
comfort in addition to the energy absorption ability when determining the thickness 
required for a mouthguard. Thus, new designs and material development of 
mouthguards are necessary to fulfill this requirement.  
  
 The purpose of the study was to evaluate and compare two new 
mouthguard designs both using a combination of EVA and light-polymerized acrylic 
resin, one being a hard insertion model and the other a soft insertion model. A 
conventional EVA mouthguard was used as a control. The mouthguards were 
evaluated by using a load cell transducer with different total thicknesses of 3, 4 and 5 
mm. 
  
 The results showed that the conventional EVA had greater shock absorbing 
capability than 2 new designs. Light-polymerized acrylic resin may be too rigid to be 
used with EVA. Further study should be done to identify materials or combinations of 
material that would improve shock absorbing capability. 
  
 
KEY WORDS: MOUTHGUARD / ETHYLENE VINYL ACETATE / LIGHT 
 POLYMERIZED ACRYLIC RESIN / SHOCK ABSORBING 
 CAPABILITY 
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CHAPTER I 

INTRODUCTION 

 

 
1.1 Background  

 

 Physical activities as well as competitive athletics offered sports men and 

women a variety of healthful benefits. However, participating in such activities also 

placed athletes at risk for injury, including trauma to the teeth and mouth. 

Retrospective surveys of various groups of athletes had found that 10-61 % had 

experienced at least one orofacial injury. However, most of these types of injuries 

could be prevented with the use of properly fitted protective athletic equipment. 

 

 The mouthguards (also referred to as a gumshield or mouth protectors) was 

defined as a resilient device or appliance placed inside the mouth to reduce oral 

injuries, particularly to teeth and surrounding structures. Mouthguards were effective 

because the considerably diminished the deflection of teeth subjected to stress in 

comparison with unprotected teeth. Boxing was the first recorded sport activity to use 

mouthguards. Boxers apparently fabricated mouthguard-like devices from cotton, tape, 

sponge or small pieces of wood. They clenched these materials in their teeth in hopes 

of providing some shock absorption from the blows to the face. Currently, due to the 

limited mandatory use of mouthguards in sports, the American Dental Association and 

the International Academy of Sports Dentistry recommended that mouthguards were 

used in 29 sport or exercise activities. These include acrobatics, basketball, bicycling, 

boxing, equestrian events, extreme sports, field events, field hockey, football, 

gymnastics, handball, ice hockey, inline skating, lacrosse, martial arts, racquetball, 

rugby, shot putting, skateboarding, skiing, skydiving, soccer, softball, squash, surfing, 

volleyball, water polo, weightlifting and wrestling.  
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 Studies on the physical properties of mouthguards could be classified into 

two broad groups. The first group involved studies that examined the physical 

characteristics of various materials used in mouthguards. The second group examined 

the shock absorbing capability of the entire mouthguard and provided some insights 

into favorable mouthguard construction features. However, these studies investigated 

primarily shock absorbency and seldom measured the breadth of physical properties 

examined in the mouthguard material studies. Many variables could be expected to 

influence the effectiveness of the mouthguard, including the material used in 

construction, the thickness of the protective material, the manner of fabrication, the 

area of coverage over the teeth and gingiva, characteristics of the protected tissue 

(teeth/bone/gingiva), and the direction, force and nature of the impact. Shock 

absorbing capability could be broadly defined as the reduction in the impact energy or 

force transmitted to the surface beneath the mouthguard or material. One measure was 

the initial rebound of a pendulum or a dropped weight which directly impacted the 

mouthguard or material. Another direct shock absorption quantification was the force 

measured on a transducer beneath the mouthguard or mouthguard material once a 

known force (from a pendulum or dropped weight) was applied to the top or the 

surface of the material. A material with high shock absorbing capability resulted in a 

lower peak force or power (force/time) than a material with low shock absorbing 

capability. 

 

 EVA copolymers were the most popular materials, partly because of the 

ease of custom fabrication. It could be formed around a dental cast using under 

vacuum techniques. The mouthguards had generally been made from EVA over the 

last 30 years. EVA had been shown to exhibit desirable properties for use in 

mouthguards, such as non-toxicity, minimal moisture absorption, elasticity, and ease 

of manufacture. There were many studies try to improve the capability of mouthguards 

by many methods. The deficiencies of the single-layer vacuum-formed design had 

been overcome by the use of lamination. One study showed the inclusion of systematic 

air cells in EVA copolymers improved shock absorbency and they claimed that the 

addition of air inclusions improves performance by reducing transmitted forces 

through better energy absorption without increasing thickness. Hard layers of EVA 
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insert reduced energy absorption when compared with a control sheet of the EVA 

without the hard insert but in this study the total thickness was about 6 mm. that might 

not applicable in the real situation due to it might get less comfortable to the wearers. 

 

1.2 Objectives 

 

This study had the following objectives 

1. To evaluate the shock absorbing capability of 2 designs of mouthguards 

(Hard insertion and soft insertion). 

2. To compare the shock absorbing capability of mouthguards with the 

different thickness of EVA materials and light-cured acrylic resin. 

 

1.3 Statement of hypothesis 

 

1. There was no statistically difference among the shock absorbing 

capability of hard insertion group, soft insertion group and conventional 

EVA group.  

2. There was no statistically difference among the shock absorbing 

capability of different thicknesses of the EVA mouthguard materials 

combination with light-polymerization acrylic resin at total thickness of 3 

mm, 4 mm and 5 mm. 

 

1.4 Clinical implication 

 

 Shock absorbing capability of mouthguards could improve by increasing 

the thickness and modified the properties of the materials. Therefore, to find the 

maximum shock absorbing capability with the minimum thickness of the mouthguards 

in using for protection the jaws in sport activities was very important to achieve the 

ultimate success in terms of adequate protection, ease of fabrication and user 

satisfaction to decrease the incidence of dental trauma. 
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CHAPTER II 

LITERATURE REVIEW 

 

 
2.1 Overview 

 

 One of the causes of the maxillofacial defect was trauma. There was a 

continual increase in the risk groups for dental trauma as a result of the growth in 

physical and fitness awareness, and the increase in contact sports and other risky 

sporting activities. And the accident or injury that we always looked over was that 

from the sport activities[1]. Physical activities as well as competitive athletics offered 

sports men and women a variety of healthful benefits. However, participating in such 

activities also places athletes at risk for injury, including trauma to the teeth and 

mouth. Retrospective surveys of various groups of athletes had found that 10-61 % 

had experienced at least one orofacial injury (e.g. chipped or avulsed teeth, tooth and 

soft tissue lacerations, any injury to the mouth) during their participation in sports [2-

12]. Fortunately, most of these types of injuries could be prevented with the use of 

properly fitted protective athletic equipment.  

 

 The mouthguards (also referred to as a gumshield or mouth protectors) 

was defined as a resilient device or appliance placed inside the mouth to reduce oral 

injuries, particularly to teeth and surrounding structures [13]. Mouthguards were 

effective because the considerably diminished the deflection of teeth subjected to 

stress in comparison with unprotected teeth [14]. The protective capability of a 

particular mouthguard was affected by the geometry of the device as well as the 

materials used in construction [15]. 

 

 Mouthguards were first introduced in 1913 to the sport of professional 

boxing [16]. Nowadays, mouthguards were being used both at the amateur and 

professional levels of several sports. In 1998, it was reported that most studies classify 
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dental injury to be the most common orofacial injury attributed to sports [17]. The 

highest reported rates were in football and ice hockey and the lowest in volleyball [18-

21]. By the year 2000 there were five amateur sports that mandated the use of 

mouthguards: boxing, football, ice hockey, men’s lacrosse and women’s field hockey 

[16]. However, regulation did not always equal compliance [16]. Despite their ability 

to decrease the frequency of dental injuries, availability, education, cost and attitudinal 

factors had been shown to influence whether or not a player was compliant with the 

mouthguard mandates [16, 22-24]. 

 

 Mouthguards were hypothesized to reduce the likelihood of orofacial 

injuries through several mechanisms. Firstly, they might prevent fracture or 

dislocation of the teeth by separating the mandibular and maxiIlary teeth and 

absorbing or redistributing shock during direct forceful impacts. Secondly, 

mouthguards might protect against mandibular bone fractures by absorbing shock, 

redistributing shock and/or stabilizing the mandible during traumatic jaw closure. 

Thirdly, the mouthpiece might reduce the possibility of laceration and bruising of soft 

tissue by separating the teeth from the soft tissue, thus cushioning and distributing the 

force of impacts. Finally, it was hypothesized that the mouthpiece might reduce the 

likelihood of concussion due to a direct blew to the jaw by positioning the jaw to 

absorbed impact forces that would normally be transmitted through the base of the 

skull to the brain [2, 25-29]. 

 

2.2 Types of mouthguards 

 

 Currently, there were three types of mouthguards available: stock, mouth-

formed and custom fabricated mouthguards [30].  

2.2.1 Stock mouthguards (Fig. 2-1) 

Stock mouthguards came in different sizes, were ready to use, and were mostly 

made from either polyvinyl chloride (although the use of PVC for mouthguards had 

now been outlawed by the EU), polyurethane, or a co-polymer of vinyl acetate or 

ethylene. Generally, stock mouthguards were thought to be the least favorable as they 
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offered the minimum protection and might even be thought of as dangerous as they 

might give a rugby player, for example, a false sense of security. 

 

 
Figure 2-1 Stock mouth protector. 

 

2.2.2 Mouth formed mouthguards (Fig. 2-2) 

 Mouth formed mouthguards were known as ‘‘boil and bite’’ mouthguards, 

where a thermoplastic rim was heated in hot water then placed in the mouth and 

moulded by biting and sucking. These mouthguards had a poor fit on the teeth and 

tended to be thin over prominent teeth that were prone to damage. 

 

 
Figure 2-2 Stock and mouth-formed mouth protectors [31]. 

 

2.2.3 Custom fabricated mouthguards (Fig. 2-3) 
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 Custom made mouthguards were made in a dental laboratory on a cast 

taken from an impression supplied by a dentist. A thermoplastic material was heated in 

a pressure or vacuum forming machine and when soft enough was placed over the cast 

and air pressure or a vacuum was applied which closely adapted the soft material to 

the cast. 

 
Figure 2-3 Custom-made mouth protectors made from colored thermoplastics. 

 

2.3 History of mouthguards 

 

2.3.1  Mouthguard use in boxing 

 Boxing was the first recorded sport activity to use mouthguards. Boxers 

apparently fabricated mouth guard-like devices from cotton, tape, sponge or small 

pieces of wood. They clenched these materials in their teeth in hoped of providing 

some shock absorption from the blows to the face. However, the concentration it took 

to keep these materials on their teeth could draw their attention away from the fight. In 

many instances, these materials were considered illegal and there were reported cases 

where the materials were dislodged from the teeth and entered the larynx [15]. 

 

 In the 1890s, a London dentist, Dr. Woolf Krause, put strips of gutta 

percha (a natural rubber-like resin) over the maxillary incisors of boxers [32]. Philip 

Krause (Woolf Krause's son) fabricated perhaps the first reusable mouthpiece which 
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was used by Ted 'The Kid' Lewis during championship fights in the 1910s and 1920s 

[32]. 

 

 After the accident in a heavyweight championship tournament that a 

fighter named Mike McTigue was ragged teeth cut his lip so severely that the fight had 

to be stopped, boxing officials of the New York State Athletic Commission allowed 

boxers to use mouthguards since then in 1927 [32, 33]. 

 

In 1930, the first descriptions of mouthguards appeared in the dental literature. 

In response to an inquiry by another dentist, four dentists provided information on how 

to fabricate custom mouthguards for boxing using dental impressions, wax and rubber 

[33-36]. A subsequent publication recommended the addition of steel springs to 

reinforce the soft mouthpieces [37]. 

 

2.3.2 Mouthguard use in football 

 In the 1940s and 1950s, dental injuries were found to account for 23-54% 

of all football injuries [38-40]. High schools and colleges began mouthguard pilot 

programs, and reports in the dental literature suggested that these programs were 

successful in reducing the incidence of dental trauma [41]. 

 

 In 1960, the American Dental Association House of Delegates endorsed 

the use of latex mouthpieces for football and other contact sports [42]. The National 

Collegiate Athletic Association (NCAA) required the use of mouthguards in college 

football beginning in the 1973 season [15]. The current NCAA football regulation 

required all players to use an “intra-oral mouthpiece of any readily available color (not 

white or transparent) with an FDA-approved base material that covered all the upper 

teeth” [15]. Proper fitting of the mouthguard was recommended by the NCAA. 

 

2.3.3 Mouthguard use in other sports 

 Minnesota required mouthguards for high school soccer, basketball and 

wrestling in 1993 [3]. New Zealand currently required mouthguard use for rugby 

players of all grades [43].  
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 Moreover, the NCAA required mouthguards for ice hockey, men's lacrosse 

and women's field hockey [15]. The NCAA and the Amateur Hockey Association had 

required mouthguards for ice hockey since 1975 [44, 45]. 

 

 Currently, due to the limited mandatory used of mouthguards in sports, the 

American Dental Association and the International Academy of Sports Dentistry 

recommended that mouthguards be used in 29 sport or exercise activities. These 

included acrobatics, basketball, bicycling, boxing, equestrian events, extreme sports, 

field events, field hockey, football, gymnastics, handball, ice hockey, inline skating, 

lacrosse, martial arts, racquetball, rugby, shot putting, skateboarding, skiing, 

skydiving, soccer, softball, squash, surfing, volleyball, water polo, weightlifting and 

wrestling [46].  

 

2.4 Physical properties of mouthguards 

 

 Studies on the physical properties of mouthguards could be classified into 

two broad groups. The first group involved studies that examined the physical 

characteristics of various materials used in mouthguards. These investigations 

examined a large number of properties but did not take into account how the 

tooth/bone/gingiva complex and how mouthguard construction might influence the 

protective capabilities, since only materials were examined. The second group 

examined the shock absorbing capability of the entire mouthguard and provided some 

insights into favorable mouthguard construction features. These studies considered not 

only the materials used in construction but also the geometry of the mouthguard and 

how this might influence the protective capability. However, these studies investigated 

primarily shock absorbency and seldom measured the breadth of physical properties 

examined in the mouthguard material studies. Many variables could be expected to 

influence the effectiveness of the mouthguard, including the material used in 

construction, the thickness of the protective material, the manner of fabrication, the 

area of coverage over the teeth and gingiva, characteristics of the protected tissue 

(teeth/bone/gingiva), and the direction, force and nature of the impact [15]. 
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2.4.1 Measurement of mouthguard physical properties 

 The physical properties of mouthguards that had been examined include  

• Shock absorbing capability 

• Hardness 

• Stiffness 

• Tear strength 

• Tensile strength 

• Water absorption 

 

 Shock absorbing capability could be broadly defined as the reduction in 

the impact energy or force transmitted to the surface beneath the mouthguard or 

material. One measure was the initial rebound of a pendulum or a dropped weight 

which directly impacts the mouthguard or material [47-50]. The degree of rebound 

was a marker of the amount of impact force absorbed (less rebound, more shock 

absorption). Another more direct shock absorption quantification was the force 

measured on a transducer beneath the mouthguard or mouthguard material once a 

known force (from a pendulum or dropped weight) was applied to the top or the 

surface of the material [51-56] (Fig. 2-4, 2-5). A material with high shock absorbing 

capability resulted in a lower peak force or power (force/time) than a material with 

low shock absorbing capability. 
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Figure 2-4 Measurement of shock-absorption capability of mouthguard materials. 

Pendulum ram (A) loaded with weights (C) was released by electromagnet (D). 

Cylindrical stud (B) striked sample (E) placed on pressure transducer (F). Signal 

transmitted to signal processor (G), then to oscilloscope (H). Maximum force 

transmitted to support after absorption by sample could be read directly on screen or 

on Ft = frt curves on plotter (I) [51]. 

 

 
Figure 2-5 The conical ended, free falling indenter was used as the known force for the 

impact testing of the mouthguard material [56]. 
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 One study from Takeda et al looked at the influence of the sensor type 

(strain gauge, load cell and accelerometer) on the measured impact absorption of 

mouthguard material. The result showed that all sensors, the mouthguard decreased 

the impact forces. However the absorbency values became smaller with the strain 

gauge, the accelerometer, and the load cell, respectively. Additionally, there were 

significant differences between the load cell and accelerometer compared to the strain 

gauge [55, see also Fig. 2-6].  

 
Figure 2-6 Shock absorption abilities by wearing the mouthguard measured by using 

different sensor types [55]. 

 

 Hardness was the resistance of a material to penetration with a load 

applied. It could be measured on a number of scales but for the 'softer' materials used 

in mouthguards. Hardness was measured with a durometer that conforms to a 

particular American Society for Testing and Materials specification (number D2240). 

Often the commercial name of the durometer was added to the name “Shore A”. The 

durometer had a shaped indenter that applied a specific load to the material and 

hardness was measured on a scale of 0-100. If the indenter completely penetrates the 

material, the 'A' hardness was 0 and if no penetration was achieved the reading was 

100. 

 

 Stiffness was related to hardness as hardness increases so does stiffness. 

Stiffness was the resistance of a material to deflection by an applied force. Most 
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mouthguard materials had linear elastic properties meaning that the deformation was 

proportional to the load; once the load was removed the deformation disappears. For 

materials with linear elastic properties, Young's modulus quantifies stiffness. Low 

stiffness materials had more deformation under load, resulting in increased contact 

time which in turn reduced peak forces. High stiffness materials had less deformation 

and tended to distribute the load over a larger area. 

 

 Tear strength was a measure of the ability of a material to resist tear 

forces. It was usually measured as the amount of force required to tear a piece of 

material divided by the thickness of the specimen (N/cm). Tear strengths could differ 

depending on the size of the specimen and the rate of pull. Many mouthguard studies 

differed in these characteristics; thus, within study comparisons were most appropriate 

[15] 

 

 Tensile strength was measured in N/cm2 and was the pull force required to 

break a material of a specific size. A notched piece of material was placed between 

two arms and the material was pulled with increasing force until the material broke 

[15]. 

 

 Water absorption was the amount of water taken up by the material. Two 

different measures had been used in the mouthguard literature. One measure was 

simply the increase in total weight showed as a proportion of the initial weight (%), 

after placing the material in water for a selected time and temperature. The other 

measure was the water absorbed per square centimeter of the material (mg/cm2) after 

placing the material in water for a designated time and temperature [15]. 

 

 In general, shock absorbing capability, hardness and stiffness indicated the 

protective capability of mouthguards and mouthguard materials. Tensile strength and 

tear strength indicated mouthguard durability. Water absorption suggested the stability 

of the mouthguard or material in the aqueous environment of the mouth [47]. 
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2.4.2 Studies of mouthguard materials 

 The major materials used in mouthguards were 

• Polyvinylacetate-polyethylene or ethylene vinyl acetate (EVA) 

copolymer 

• Polyvinylchloride 

• Latex rubber 

• Acrylic resin 

• Polyurethane [47, 52] 

 

 Ethylene vinyl acetate (EVA) was a rubbery synthetic polymer from the 

polymerization of ethylene monomer and vinyl acetate monomer (Fig. 2-7). It was 

discovered in Germany by Dr. Fritz Klatte in 1912. DuPont Company filing a patent in 

1956 and introducing the Elvax® range of materials in 1960. The former produced low 

molecular weight copolymers useful for coatings, hot melt adhesives, etc., whilst the 

latter yielded high molecular weight products for tougher applications. 

 

 
Figure 2-7 Structure of EVA copolymer. 

 

 Because EVA was a random copolymer so its property depended on the 

level of vinyl acetate monomer in the structure (Table 2-1). 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Germany
http://en.wikipedia.org/wiki/Fritz_Klatte
http://en.wikipedia.org/wiki/1912
http://www.plastiquarian.com/dupont.htm
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Table 2-1 EVA properties due to level of vinyl acetate monomer. 

EVA properties Higher level of vinyl acetate Lower level of vinyl acetate 

Crystallinity  ↓ ↑ 

Melting point ↓ ↑ 

Modulus of EVA ↓ ↑ 

Hardness ↓ ↑ 

Polarity ↑ ↓ 

Impact strength ↑ ↓ 

Clarity ↑ ↓ 

 

 The properties of the EVA mouth protector after processing and after 

being worn were compared in Table 2-2 [31]. 

 

Table 2-2 Properties of EVA mouth protector after processing and after being worn. 

Property Processed Worn 

Tensile strength (lbs/in2 [MPa]) 454(3.13) 310(2.14) 

Tear strength (lb/in [N/cm]) 140(240) 146(250) 

Elongation (%) 975 - 

Hardness (Shore A Durometer) 71 66 

Water sorption, 24 hours (mg/cm2) 0.05 - 

Water solubility, 24 hours (mg/cm2) 0.001 - 

Dynamic modulus, 37°C (lbs/in2 [MPa]) 1360 (9.4) 1050 (7.2) 

Dynamic resilience, 37°C (%) 23.4 20.2 

 

 After exposure to the oral environment, the mouth protector became more 

flexible and better able to absorb an impact (energy) but had less strength in tension. 

 

 Latex rubber was a popular material early in the development of 

mouthguards. However, material studies suggested that this compound had lower 

shock absorbency, lower hardness, and less tear and tensile strength than EVA or 

polyurethane [47]. 
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 About the acrylic resins or polyvinylchloride, there were only a few 

studies [47, 48]. Available investigations showed that compared with EVA and 

polyurethane, acrylic materials appeared to have higher shock absorbing capability, 

with lower hardness, lower tear strength, similar tensile strength, and higher water 

absorption. [15]. 

 

 Compared to the EVA material, the polyurethanes possessed higher 

strength, hardness, and energy absorption but also had higher values of water sorption 

and required higher processing temperatures. The vinyl plastisols and latexes 

possessed only slightly lower values of strength, hardness, and energy absorption than 

the polyvinylacetate-polyethylene materials, but their greatest disadvantage was the 

difficulty of processing [31]. 

 

 Silicone rubber compounds had been suggested for use in mouthguards 

[51]. In addition, to adapt mouthguards to particular sports, the author stated that the 

properties of the silicone rubbers could be appropriately modified by the addition of 

oil or glass fiber reinforcement. However, hardness, tear strength and tensile strength 

of silicone rubber compounds appear to be lower than EVA, polyurethane or 

polyvinylchloride. And because of their lower hardness, silicone rubbers were more 

effective at absorbing shock at lower impact energies [15]. 

 

 EVA copolymers were the most popular materials, partly because of the 

ease of custom fabrication [31, 47, 51, 52]. It could be formed around a dental cast 

using under vacuum techniques [57]. Moreover mouthguards had generally been made 

from EVA over the last 30 years. EVA had been shown to exhibit desirable properties 

for use in mouthguards, such as non-toxicity, minimal moisture absorption, elasticity, 

and ease of manufacture [31, 58]. 

 

 2.4.3  Development of mouthguards properties 

 About the thickness improvement in shock absorption capability in EVA, 

one study showed that after a thickness of 4 mm., there was little additional 

improvement in shock absorption [59, Fig. 2-8]. But another investigation showed 
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substantial and almost linear improvements in shock absorbency as thickness 

increased through 5.2 mm. [17].  

 

 
Figure 2-8 Mean maximum transmitted force (kN) and thickness (mm) of EVA 

materials [59]. 

 

 There were many studies tried to improve the capability of mouthguards 

by many methods. The deficiencies of the single-layer vacuum-formed design had 

been overcome by the use of lamination, i.e. the layering of materials to achieve a 

defined thickness under a high heat and pressure environment [13, see also Fig. 2-9].  

 

 
Figure 2-9 Pressure-formed laminated mouthguards fitted the mouth closely and 

provided an adequate thickness of the material. 

 

 The inclusion of systematic air cells in EVA copolymers improved shock 

absorbency by 19-32% [60, 61] and they claimed that the addition of air inclusions 
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improved performance by reducing transmitted forces through better energy 

absorption without increasing thickness [61, Fig. 2-10]. Another study from the same 

author tested the effect of EVA with gas inclusion in the form of closed cell foam on 

the transmitted force [53].  

 
Figure 2-10 Construction of the air inclusion materials [61]. 

 

 An intermediate layer of sorbothane (a visco-elastic polyurethane that had 

been used in sports and orthopedic applications because of its shock-absorbing 

properties) reduced a peak force significantly than a comparable thickness of EVA 

mouthguard [17]. Bilaminated mouthguard with a piece of sponge as an intermediate 

layer showed quite high shock absorption (49%) [62]. Hard layers of EVA insert 

reduced energy absorption when compared with a control sheet of the EVA without 

the hard insert. A specially designed two layers custom-formed protector consisted of 

a rigid outer layer of polycarbonate and an inner layer of EVA with approximately 1 

mm. wide space had been retained between protector and anterior teeth absorbed the 

much of impact energy (26-56%) [63].  

 

 Furthermore study, hard insertion (with 1 mm. hard acrylic resin plate) in 

combination with the air space (Fig. 2-11) showed high shock absorption ability in the 

tooth distortion [64, Fig. 2-12]. 
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Figure 2-11 The modified bilaminated EVA mouthguard with air space and hard 

insertion [64]. 

 

 
Figure 2-12 Steel ball distortion (buccal cervical). Buccal distortion became small in 

order of EVA, hard-insertion, and hard + space. The decrease rate was, EVA ≈47%, 

hard-insertion ≈ 80% or more, and hard + space ≈98%. Statistical analysis (anova, P < 

0.01) showed significant differences among four conditions of NOMG and three 

different mouthguards. And a significant difference was found with all the 

combinations (Tukey test) [64]. 

 

 On the other hand, they believed that the soft insertion would be increasing 

the absorbing capability. It was proposed that mouthguards should had a composite 

laminate construction with a very compliant centre region and a more rigid outer layer, 
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such as EVA [65, see also Fig. 2-13]. In this way, a reduced impact force would be 

transferred to the teeth due to the shock absorbing capability of the compliant material 

layer. Harmful rebound energy would also be reduced as the composite laminate 

would return to its original shape more slowly than a single material system [65]. 

Combinations of compliant/rigid materials could be built up in a multi-layered 

composite system with materials and layer thicknesses being adapted according to 

particular requirements [65]. 

 
Figure 2-13 Distribution of force impacting on mouthguard with outer layers made of 

EVA. 

 

 Because of obvious ethical concerns, no impact studies on the protective 

capabilities of entire mouthguards had been performed on live human subjects [15]. 

Generally, studies involved a tooth (e.g. plaster cast teeth) or an artificial skull model, 

but there was no standardization of these models. In addition, studies differ in terms of 

impact techniques, anatomical area of impact application, and outcome measures [15]. 

Table 2-3 showed reviewed studies examining the shock absorbing capability of 

various mouthguard materials. 



A
ru

ne
e 

Ti
ra

sr
iw

at
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
Li

te
ra

tu
re

 R
ev

ie
w

 / 
 

4

Ta
bl

e 
2-

3 
St

ud
ie

s e
xa

m
in

in
g 

m
ou

th
gu

ar
d 

m
at

er
ia

l s
ho

ck
 a

bs
or

bi
ng

 c
ap

ab
ili

ty
. 

    St
ud

y 
M

at
er

ia
ls

 
Im

pa
ct

or
 

Sh
oc

k 
ab

so
rp

tio
n 

m
ea

su
re

 
V

al
ue

 fo
r s

ho
ck

 a
bs

or
pt

io
n,

 ra
ng

e 
(m

ea
n 

± 
SD

), 
[n

um
be

r o
f s

am
pl

es
 

te
st

ed
 o

f s
im

ila
r m

at
er

ia
ls

]  

C
ra

ig
 a

nd
 G

od
w

in
 

(1
96

7)
 [4

9]
 

1.
 

EV
A

 1
.5

 m
m

. t
hi

ck
 

2.
 

PU
 1

.5
 m

m
. t

hi
ck

 
3.

 
R

ub
be

r l
at

ex
 1

.5
 m

m
. t

hi
ck

 
4.

 
‘T

he
rm

op
la

st
ic

’ 1
.5

 m
m

. t
hi

ck
 

5.
 

Pl
as

tis
ol

 (v
in

yl
 re

si
n)

 1
.5

 m
m

. t
hi

ck
   

Pe
nd

ul
um

  
(s

te
el

 b
al

l) 
Pe

nd
ul

um
 re

bo
un

d 
 

(↑
va

lu
e 

= 
m

or
e 

en
er

gy
 

ab
so

rb
ed

) 

1.
 

58
%

 [1
] 

2.
 

47
-8

4%
 (6

5±
16

%
) [

4]
 

3.
 

37
%

 [1
] 

4.
 

56
%

 [1
] 

5.
 

87
%

 [1
] 

G
oi

ng
 e

t a
l (

19
74

) 
[4

7]
 

1.
 

EV
A

 2
5 

m
m

. t
hi

ck
 

2.
 

PU
 2

5 
m

m
. t

hi
ck

 
3.

 
PV

C
 2

5 
m

m
. t

hi
ck

 
4.

 
R

ub
be

r l
at

ex
 2

5 
m

m
. t

hi
ck

 
5.

 
Si

lic
on

 2
5 

m
m

. t
hi

ck
 

Pe
nd

ul
um

 
Pe

nd
ul

um
 re

bo
un

d 
(1

00
%

 =
 n

o 
en

er
gy

 
ab

so
rp

tio
n,

 0
%

 =
 a

ll 
en

er
gy

 a
bs

or
be

d)
 

1.
 

45
-5

7%
 (5

0±
4%

) [
12

] 
2.

 
59

%
 [1

] 
3.

 
12

-2
6%

 (2
2±

4%
) [

9]
 

4.
 

75
%

 [1
] 

5.
 

73
-8

5%
 (7

9±
9%

) [
2]

 
B

is
ho

p 
et

 a
l 

(1
98

5)
 [5

8]
 

1.
 

EV
A

 (P
E,

 3
3%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

2.
 

EV
A

 (P
E,

 2
8%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

3.
 

EV
A

 (P
E,

 1
4%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

4.
 

EV
A

 (P
E,

 1
8%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

5.
 

EV
A

 (P
E,

 1
3%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

6.
 

EV
A

 (P
E,

 8
%

 P
V

A
), 

3.
2 

m
m

. t
hi

ck
 

D
ro

p 
w

ei
gh

t  
(8

 g
. s

te
el

 b
al

l) 
 

En
er

gy
 a

bs
or

be
d 

(↑
va

lu
e 

= 
le

ss
 e

ne
rg

y 
ab

so
rb

ed
) 

1.
 

29
 m

J [
1]

 
2.

 
29

 m
J (

29
±0

 m
J)

 [2
] 

3.
 

30
-3

1 
m

J (
31

±0
 m

J)
 [2

] 
4.

 
31

 m
J (

31
±0

 m
J)

 [2
] 

5.
 

32
 m

J [
1]

 
6.

 
32

 m
J [

1]
 

Pa
rk

 e
t a

l (
19

94
) 

[5
2]

 
1.

 
EV

A
 1

 m
m

. t
hi

ck
 

2.
 

EV
A

 1
.5

 m
m

. t
hi

ck
 

3.
 

EV
A

 2
 m

m
. t

hi
ck

 
4.

 
EV

A
 4

 m
m

. t
hi

ck
 

5.
 

EV
A

 
4 

m
m

. 
th

ic
k;

 
ha

rd
 

m
at

er
ia

l 
in

 
ce

nt
er

 

D
ro

p 
w

ei
gh

t (
la

rg
e 

st
ee

l 
ba

ll 
= 

47
3 

g.
, d

ro
p 

= 
25

 
cm

.; 
sm

al
l s

te
el

 b
al

l =
 6

7 
g.

, d
ro

p 
= 

86
 c

m
.) 

Pe
ak

 fo
rc

e 
(↓

va
lu

e 
= 

m
or

e 
sh

oc
k 

ab
so

rp
tio

n)
  

LB
/S

B
 

1.
 

76
05

 N
 [1

] /
 3

14
5 

N
 [1

] 
2.

 
39

70
 N

 [1
] /

 1
90

8 
N

 [1
] 

3.
 

27
91

 N
 [1

] /
 1

74
3 

N
 [1

] 
4.

 
23

71
 N

 [1
] /

 1
02

8 
N

 [1
] 

5.
 

18
67

 N
 [1

] /
 1

09
3 

N
 [1

] 

Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Maxillofacial Prosthetics) / 21 
 



Fa
c.

 o
f G

ra
d.

 S
tu

di
es

, M
ah

id
ol

 U
ni

v.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  M
.S

c.
 (M

ax
ill

of
ac

ia
l P

ro
st

he
tic

s)
 / 

5

St
ud

y 
M

at
er

ia
ls

 
Im

pa
ct

or
 

Sh
oc

k 
ab

so
rp

tio
n 

m
ea

su
re

 
V

al
ue

 fo
r s

ho
ck

 
ab

so
rp

tio
n,

 ra
ng

e 
(m

ea
n 

± 
SD

), 
[n

um
be

r o
f 

sa
m

pl
es

 te
st

ed
 o

f s
im

ila
r 

m
at

er
ia

ls
]  

W
es

te
rm

an
 

an
d 

St
rin

gf
el

lo
w

 
(1

99
5)

 [6
6]

 

1.
 

EV
A

 1
 m

m
. t

hi
ck

 
2.

 
EV

A
 2

 m
m

. t
hi

ck
 

3.
 

EV
A

 3
 m

m
. t

hi
ck

 
4.

 
EV

A
 4

 m
m

. t
hi

ck
 

5.
 

EV
A

 5
 m

m
. t

hi
ck

 

Pe
nd

ul
um

  
(im

pa
ct

 e
ne

rg
y:

 
he

av
y 

= 
13

J, 
 

lig
ht

 =
 4

J)
 

Pe
ak

 fo
rc

e 
 

(↓
va

lu
e 

= 
m

or
e 

sh
oc

k 
ab

so
rp

tio
n)

 

H
P/

LP
 

1.
 

30
.7

 k
N

 [1
] /

 n
o 

m
ea

su
re

m
en

t 
2.

 
20

.1
 k

N
 [1

] /
 n

o 
m

ea
su

re
m

en
t 

3.
 

13
.3

 k
N

 / 
7.

6 
kN

 [1
] 

4.
 

9.
8 

kN
 [1

] /
 7

.2
 k

N
 

[2
] 

5.
 

no
 m

ea
su

re
m

en
t /

 
5.

9 
kN

 [1
] 

A
ur

oy
 e

t a
l 

(1
99

6)
 [5

1]
 

1.
 

EV
A

 4
.5

 m
m

. t
hi

ck
 

2.
 

St
yr

ol
 p

ol
yo

le
fin

 4
.5

 m
m

. t
hi

ck
 

3.
 

St
oc

k 
si

lic
on

 ru
bb

er
 4

.5
 m

m
. t

hi
ck

 
4.

 
Si

lic
on

 ru
bb

er
 c

om
bi

na
tio

ns
 4

.5
 m

m
. t

hi
ck

 

Pe
nd

ul
um

 
(I

m
pa

ct
 fo

rc
e 

= 
30

00
N

) 

Pr
op

er
tio

n 
of

 fo
rc

e 
ab

so
rb

ed
 (p

ea
k 

fo
rc

e 
w

ith
 m

at
er

ia
l/ 

pe
ak

 
fo

rc
e 

w
ith

ou
t m

at
er

ia
l 

x 
10

0%
; l

ow
er

 v
al

ue
 

w
as

 m
or

e 
sh

oc
k 

ab
so

rb
ed

) 

1.
 

14
/1

7%
 (1

5 
± 

2)
 [2

] 
2.

 
19

%
 [1

] 
3.

 
8-

14
%

 (1
1 

± 
3)

 [6
] 

4.
 

8-
20

%
 (1

2 
± 

4)
 [1

8]
 

W
es

te
rm

an
 e

t 
al

  (
19

97
) 

[6
0]

  

1.
 

EV
A

 4
 m

m
. t

hi
ck

 
2.

 
EV

A
 (2

x2
x2

 m
m

. a
ir 

ce
lls

, 2
 m

m
. w

al
ls

) 
3.

 
EV

A
 (2

x2
x2

 m
m

. a
ir 

ce
lls

, 1
 m

m
. w

al
ls

) 
4.

 
EV

A
 (3

x3
x2

 m
m

. a
ir 

ce
lls

, 1
 m

m
. w

al
ls

) 
(2

,3
 a

nd
 4

 w
er

e 
4 

m
m

. t
hi

ck
 o

ve
ra

ll)
 

Pe
nd

ul
um

 
(I

m
pa

ct
 e

ne
rg

y 
 

≈ 
4J

) 

Pe
ak

 fo
rc

e 
(c

al
cu

la
te

d 
fr

om
 a

cc
el

er
om

et
er

 o
n 

pe
nd

ul
um

 [f
or

ce
 =

 
m

as
s x

 a
cc

el
er

at
io

n]
; 

lo
w

er
 v

al
ue

 w
as

 m
or

e 
sh

oc
k 

ab
so

rp
tio

n)
 

1.
 

7.
6 

kN
 [1

] 
2.

 
5.

5 
kN

 [1
] 

3.
 

6.
2 

kN
 [1

] 
4.

 
5.

1 
kN

 [1
] 

Arunee Tirasriwat                                                                                                     Literature Review / 22 
 



A
ru

ne
e 

Ti
ra

sr
iw

at
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
Li

te
ra

tu
re

 R
ev

ie
w

 / 
 

6

St
ud

y 
M

at
er

ia
ls

 
Im

pa
ct

or
 

Sh
oc

k 
ab

so
rp

tio
n 

m
ea

su
re

 
V

al
ue

 fo
r s

ho
ck

 
ab

so
rp

tio
n,

 ra
ng

e 
(m

ea
n 

± 
SD

), 
[n

um
be

r o
f 

sa
m

pl
es

 te
st

ed
 o

f s
im

ila
r 

m
at

er
ia

ls
]  

B
ul

sa
ra

 a
nd

 
M

at
th

ew
s 

(1
99

8)
 [1

7]
 

1.
 

EV
A

 1
.3

 m
m

. t
hi

ck
 

2.
 

EV
A

 2
.1

 m
m

. t
hi

ck
 

3.
 

EV
A

 3
.3

 m
m

. t
hi

ck
 

4.
 

EV
A

 3
.4

 m
m

. t
hi

ck
 

5.
 

EV
A

 4
.0

 m
m

. t
hi

ck
 

6.
 

EV
A

 4
.3

 m
m

. t
hi

ck
 

7.
 

EV
A

 5
.1

 m
m

. t
hi

ck
 

8.
 

EV
A

 5
.2

 m
m

. t
hi

ck
 

9.
 

EV
A

 +
 1

.1
 m

m
. s

or
bo

th
an

e,
 2

.3
 m

m
. t

hi
ck

 
10

. E
V

A
 +

 1
.1

 m
m

. s
or

bo
th

an
e,

 3
.4

 m
m

. t
hi

ck
 

11
. E

V
A

 +
 1

.1
 m

m
. s

or
bo

th
an

e,
 4

.2
 m

m
. t

hi
ck

 
12

. E
V

A
 +

 2
.7

 m
m

. s
or

bo
th

an
e,

 3
.8

 m
m

. t
hi

ck
 

13
. E

V
A

 +
 2

.7
 m

m
. s

or
bo

th
an

e,
 4

.9
 m

m
. t

hi
ck

 
14

. E
V

A
 +

 2
.7

 m
m

. s
or

bo
th

an
e,

 5
.6

 m
m

. t
hi

ck
 

D
ro

p 
w

ei
gh

t 
(4

18
.1

 g
. m

as
s 

dr
op

pe
d 

10
 c

m
.) 

Pe
ak

 fo
rc

e 
(f

or
ce

 o
n 

a 
tra

ns
du

ce
r u

nd
er

 te
st

 
m

at
er

ia
l w

he
n 

w
ei

gh
t 

st
ru

ck
 m

at
er

ia
l; 

lo
w

er
 

va
lu

e 
w

as
 m

or
e 

sh
oc

k 
ab

so
rp

tio
n)

 

1.
 

41
09

 N
 [1

] 
2.

 
34

98
 N

 [1
] 

3.
 

33
27

 N
 [1

] 
4.

 
30

91
 N

 [1
] 

5.
 

26
83

 N
 [1

] 
6.

 
27

38
 N

 [1
] 

7.
 

21
83

 N
 [1

] 
8.

 
20

64
 N

 [1
] 

9.
 

22
34

 N
 [1

] 
10

. 2
12

6 
N

 [1
] 

11
. 1

92
8 

N
 [1

] 
12

. 1
55

8 
N

 [1
] 

13
. 1

34
5 

N
 [1

] 
14

. 1
13

9 
N

 [1
] 

W
es

te
rm

an
 e

t 
al

 (2
00

0)
 [6

3]
 

1.
 

EV
A

 5
 m

m
. t

hi
ck

 
2.

 
EV

A
, h

ar
d 

in
se

rt 
at

 ≈
 1

 m
m

., 
4.

8 
m

m
. t

hi
ck

 
3.

 
EV

A
, h

ar
d 

in
se

rt 
at

 ≈
 2

 m
m

., 
4.

8 
m

m
. t

hi
ck

 
4.

 
EV

A
, h

ar
d 

in
se

rt 
at

 ≈
 3

 m
m

., 
4.

8 
m

m
. t

hi
ck

 
5.

 
EV

A
, h

ar
d 

in
se

rt 
at

 ≈
 4

 m
m

., 
4.

8 
m

m
. t

hi
ck

 
 

Pe
nd

ul
um

 
(im

pa
ct

 e
ne

rg
y 

= 
1J

)  

Pe
ak

 fo
rc

e 
(f

or
ce

 o
n 

a 
tra

ns
du

ce
r l

oc
at

ed
 

un
de

r t
es

t m
at

er
ia

l 
w

he
n 

pe
nd

ul
um

 
st

ru
ck

 m
at

er
ia

l; 
lo

w
er

 
va

lu
e 

w
as

 m
or

e 
st

ru
ck

 
ab

so
rp

tio
n)

 

1.
 

10
.4

 N
 [1

] 
2.

 
15

.1
 N

 [1
] 

3.
 

15
.6

 N
 [1

] 
4.

 
13

.8
 N

 [1
] 

5.
 

12
.1

 N
 [1

] 

Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Maxillofacial Prosthetics) / 23 
 



Fa
c.

 o
f G

ra
d.

 S
tu

di
es

, M
ah

id
ol

 U
ni

v.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  M
.S

c.
 (M

ax
ill

of
ac

ia
l P

ro
st

he
tic

s)
 / 

7

St
ud

y 
M

at
er

ia
ls

 
Im

pa
ct

or
 

Sh
oc

k 
ab

so
rb

in
g 

m
ea

su
re

 
V

al
ue

 fo
r s

ho
ck

 
ab

so
rp

tio
n,

 ra
ng

e 
(m

ea
n 

± 
SD

), 
[n

um
be

r o
f 

sa
m

pl
es

 te
st

ed
 o

f s
im

ila
r 

m
at

er
ia

ls
]  

W
es

te
rm

an
 e

t 
al

  (
20

02
) 

[6
1]

  

1.
 

EV
A

 4
 m

m
. t

hi
ck

 
2.

 
EV

A
 (2

x2
x2

 m
m

. a
ir 

ce
lls

, 2
 m

m
. w

al
ls

) 
3.

 
EV

A
 (2

x2
x2

 m
m

. a
ir 

ce
lls

, 1
 m

m
. w

al
ls

) 
4.

 
EV

A
 (3

x3
x2

 m
m

. a
ir 

ce
lls

, 1
 m

m
. w

al
ls

) 
(2

,3
 a

nd
 4

 w
er

e 
4 

m
m

. t
hi

ck
 o

ve
ra

ll)
 

Pe
nd

ul
um

 
(I

m
pa

ct
 e

ne
rg

y 
= 

4.
4 

J)
 

Pe
ak

 fo
rc

e 
(c

al
cu

la
te

d 
fr

om
 a

cc
el

er
om

et
er

 o
n 

pe
nd

ul
um

 [f
or

ce
 =

 
m

as
s x

 a
cc

el
er

at
io

n]
; 

lo
w

er
 v

al
ue

 w
as

 m
or

e 
sh

oc
k 

ab
so

rp
tio

n)
 

1.
 

7.
6 

kN
 [1

] 
2.

 
5.

5 
kN

 [1
] 

3.
 

6.
2 

kN
 [1

] 
4.

 
5.

1 
kN

 [1
] 

W
es

te
rm

an
 e

t 
al

  (
20

02
) 

[5
3]

 

1.
 

EV
A

 4
 m

m
. t

hi
ck

 
2.

 
EV

A
 1

%
 fo

am
in

g 
ag

en
t 4

 m
m

. t
hi

ck
 

3.
 

EV
A

 5
%

 fo
am

in
g 

ag
en

t 4
 m

m
. t

hi
ck

 
4.

 
EV

A
 1

0%
 fo

am
in

g 
ag

en
t 4

 m
m

. t
hi

ck
 

Pe
nd

ul
um

 
(I

m
pa

ct
 e

ne
rg

y 
= 

4.
4 

J)
 

Pe
ak

 fo
rc

e 
(p

en
du

lu
m

 
fo

rc
e 

on
 a

 tr
an

sd
uc

er
 

lo
ca

te
d 

un
de

r t
es

t 
m

at
er

ia
l; 

lo
w

er
 v

al
ue

 
w

as
 m

or
e 

sh
oc

k 
ab

so
rp

tio
n)

  

1.
 

4.
0 

kN
 [1

] 
2.

 
4.

1 
kN

 [1
] 

3.
 

4.
1 

kN
 [1

] 
4.

 
3.

9 
kN

 [1
] 

C
ra

ig
 a

nd
 

G
od

w
in

 
(2

00
2)

 [4
8]

 

1.
 

EV
A

 
2.

 
Po

ly
et

hy
le

ne
 fo

am
 

Pe
nd

ul
um

 
(im

pa
ct

 e
ne

rg
y 

= 
1.

1 
J)

 

Pe
nd

ul
um

 re
bo

un
d 

(%
 

of
 im

pa
ct

 e
ne

rg
y 

ab
so

rb
ed

; h
ig

he
r 

va
lu

e 
w

as
 m

or
e 

sh
oc

k 
ab

so
rp

tio
n)

 

1.
 

81
-9

1%
 (8

6 
± 

4)
 [5

] 
2.

 
87

%
 [1

] 
  

    

Arunee Tirasriwat                                                                                                     Literature Review / 24 
 



A
ru

ne
e 

Ti
ra

sr
iw

at
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
Li

te
ra

tu
re

 R
ev

ie
w

 / 
 

8

St
ud

y 
M

at
er

ia
ls

 
Im

pa
ct

or
 

Sh
oc

k 
ab

so
rb

in
g 

m
ea

su
re

 
V

al
ue

 fo
r s

ho
ck

 
ab

so
rp

tio
n,

 ra
ng

e 
(m

ea
n 

± 
SD

), 
[n

um
be

r 
of

 sa
m

pl
es

 te
st

ed
 o

f 
si

m
ila

r m
at

er
ia

ls
]  

Ta
ke

da
 e

t a
l 

(2
00

4)
 [5

4]
 

EV
A

 3
 m

m
. t

hi
ck

 
Pe

nd
ul

um
 w

ith
 d

iff
er

en
t 

ob
je

ct
s a

tta
ch

ed
: 

a.
 H

ar
d 

ob
je

ct
s (

w
oo

de
n 

ba
t, 

st
ee

l b
al

l) 
b.

 S
of

t o
bj

ec
ts

 (s
of

tb
al

l, 
ba

se
ba

ll,
 fi

el
d 

ho
ck

ey
 b

al
l, 

ic
e 

ho
ck

ey
 p

uc
k,

 c
ric

ke
t 

ba
ll)

 

Pe
ak

 fo
rc

e 
(p

en
du

lu
m

 fo
rc

e 
m

ea
su

re
d 

on
 tr

an
sd

uc
er

 lo
ca

te
d 

un
de

r t
es

t m
at

er
ia

l; 
hi

gh
er

 v
al

ue
 

in
di

ca
te

s m
or

e 
sh

oc
k 

ab
so

rp
tio

n)
 

a.
 W

oo
de

n 
ba

t 3
8%

, 
st

ee
l b

al
l 6

2%
 [2

] 
 b

. S
of

tb
al

l 1
%

, 
ba

se
ba

ll 
2%

, f
ie

ld
 

ho
ck

ey
 b

al
l 4

%
, i

ce
 

ho
ck

ey
 p

uc
k 

6%
, 

cr
ic

ke
t b

al
l 4

%
 [5

] 

Ta
ke

da
 e

t a
l 

(2
00

4)
 [5

5]
 

EV
A

 3
 m

m
. t

hi
ck

 
Pe

nd
ul

um
 w

ith
 d

iff
er

en
t 

ob
je

ct
s a

tta
ch

ed
: 

a.
 S

te
el

 b
al

l/w
oo

de
n 

ba
t 

(h
ar

d 
ob

je
ct

s)
 

1.
 L

oa
d 

ce
ll 

2.
 A

cc
el

er
om

et
er

 
3.

 S
tra

in
 g

au
ge

 
b.

 F
ie

ld
 h

oc
ke

y 
ba

ll/
 

ba
se

ba
ll 

(s
of

t o
bj

ec
ts

) 
1.

 L
oa

d 
ce

ll 
2.

 A
cc

el
er

om
et

er
 

3.
 S

tra
in

 g
au

ge
 

V
ar

ia
bl

e 
m

ea
su

re
s:

  
1.

 F
or

ce
 fo

r l
oa

d 
ce

ll 
2.

 G
ra

vi
tie

s f
or

 a
cc

el
er

at
io

n 
3.

 D
ef

or
m

at
io

n 
fo

r s
tra

in
 g

au
ge

 
(v

al
ue

 w
ith

ou
t m

at
er

ia
l m

in
us

 
va

lu
e 

w
ith

 m
at

er
ia

l/v
al

ue
 

w
ith

ou
t m

at
er

ia
l x

 1
00

%
)  

St
ee

l b
al

l 
a 

1.
 6

2%
 [1

] 
a 

2.
 8

1%
 [1

] 
a 

3.
 8

1%
 [1

] 
B

as
eb

al
l b

at
: 

a 
1.

 3
8%

 [1
] 

a 
2.

 5
8%

 [1
] 

a 
3.

 7
6%

 [1
] 

H
oc

ke
y 

ba
ll:

 
b 

1.
 4

%
 [1

] 
b 

2.
 1

6%
 [1

] 
b 

3.
 4

6%
 [1

] 
B

as
eb

al
l: 

b 
1.

 2
%

 [1
] 

b 
2.

 3
%

 [1
] 

b 
3.

 2
4%

 [1
] 

Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Maxillofacial Prosthetics) / 25 
 



Arunee Tirasriwat                                                                                                      Literature Review /  26

2.5 Fabrication of mouthguards 

 

 The fabrication of a custom-made mouth protector from a thermoplastic 

material such as EVA required four basic steps [31]. 

•  Taking an impression of the arch 

•  Pouring a model 

•  Forming the thermoplastic material over the model 

•  Finishing the mouthguard 

 

 Athletes should not wear any removable appliances when participating in 

contact sports. Thus impressions for mouth protectors should be made with such 

appliance removed. Orthodontic appliances that were fixed to the teeth needed not be 

removed since an impression could be made with them in place. The areas occupied 

by the appliance could then be blocked out on the model with dental stone or wax so 

that the mouth protector would fit over them. 

 

 Forming the mouth protector could be accomplished by a vacuum method 

or by hand. Regardless of the technique used, remembered that the goal was to attain 

an optimum fit so that the mouth protector would distribute a blow over the entire 

dental arch. In addition, the protector should provide as little distortion of normal 

occlusion as was necessary for maximum protection. The vacuum method of forming 

the protector was desirable, since it reproduced the occlusal anatomy more accurately 

than did forming by hand. Vacuum forming equipment, as shown in Fig. 2-14, was 

available. 
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Figure 2-14 Positive pressure thermal forming machine. 

 

 The thermoplastic material could be warmed by heating in boiling water 

for approximately 20 seconds. Once the material was heated, the vacuum could be 

turned on and the softened material centered on the model. As the material was pulled 

over the model by the vacuum, care should be taken to avoid applying heavy pressure 

to the occlusal surface, since heavy pressure might cause a thinning of the material in 

this area. After finish the vacuum forming, the material allowed to cool for 1 

additional minute before handling. 

 

 The mouth protector could be removed from the model and trimmed ⅛ 

inch short of the labial fold with a curved pair of surgical scissors. The mouth 

protector might had to be replaced on the model and had its edges flamed with an 

alcohol torch. These edges could then be easily smoothed with moist fingers. Only a 

small percentage of mouth protectors needed adjustment to equalize the occlusion. All 

the teeth must contact the appliance. 

 

 The athlete should be instructed by the following instruction in the proper 

hygiene of a mouth protector. After each use: 

•  Rinse your mouth protector under cold tap water. 

•  Occasionally clean your mouth protector in a solution of soap and cool 

water. 
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•  Do not scrub your mouth protector with an abrasive dentifrice. 

•  Do not use alcohol solutions or denture cleansers to clean your mouth 

protector. 

•  Store your mouth protector in the container provided. 

 

2.6 Fracture resistance of teeth 

 

 The effectiveness of prevention the tooth structure of the mouthguard was 

if it could absorb enough force that might harm the teeth. Fracture behavior of teeth 

had been described in the rapid load (impact energy), as in the case of direct trauma 

[67, 68]. The study by Strokes and Hood had demonstrated that a pendulum impact 

system simulates clinical impact fractured in human central incisors and the fracture 

energy was calculated by using the formula described by Trabert KC et al [68] as 

showed below. 

 

Ea = m •r •(cos θf – cos θi) 

 

 Where Ea was the energy absorbed by the tooth during fracture, m was the 

mass and r was the length of the pendulum, θi was the angle between the release point 

and the point of impact, and θf was the angle between release point and maximum 

follow-through of the pendulum. These absorbed energy values indicated the fracture 

resistance of all teeth tested [68]. The mean absorbed energy of fractured central 

incisors in this study, in centijoules, was 100.91 ± 28.2 [69]. 

 

 Another study from Schatz et al had shown the value of fracture resistance 

in 305 extracted human maxillary central incisors and premolars by using a pendulum 

ram impact testing machine [1]. And the mean fracture resistance values of the intact 

teeth were shown below (Table 2-4). 
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Table.2-4 Mean absorbed energy (Ea) of the intact teeth [1]. 

 Mean Ea (J) S.D. 

Maxillary central incisor 0.30 0.08 

Maxillary premolar 0.74 0.10 

Mandibular premolar 0.48 0.08 

 

 According to Fabra-Campos et al, they reported a mechanical system for 

applying and evaluating impact forces under dynamic conditions on teeth in vitro. The 

sliding component permitted loading with a number of lead weights and the dynamic 

fracturing could be studied by letting the sliding component fell from different heights. 

The mean dynamic resistance in this study (18 maxillary central incisors) was 1.23 ± 

0.66 J [70]. 

 

 There had been no comparable study carried out previously regarding the 

stabilities of the various anatomical of teeth since the test conditions in different 

studies were not entirely exactly the same. However, in general agreement, the values 

were decreasing in this order: molars, canines, premolars, maxillary central incisors, 

maxillary lateral incisors and mandibular incisors [1]. 
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CHAPTER III 

MATERIALS AND METHODS 

 

 
3.1 Materials  

 

 3.1.1 Materials for fabricate the specimens and specimen preparation 

• Ethylene Vinyl Acetate (EVA) sheets: (Bioplast®, Scheu-Dental 

Technology, Germany) Fig. 3-1. 

a) 1 mm. thickness 

b) 2 mm. thickness 

 

 
Figure 3-1 EVA material used in this study (Bioplast®). 

 

• Light polymerized acrylic resin (Lightplast®, Dreve-Dentamid 

GMBH, Germany) Fig. 3-2. 
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Figure 3-2 Light-polymerizing acrylic resin in this study (Lightplast®). 

 

• 1 mm thick template (Duran®) (Fig. 3-3) 

• Glass tiles 10 X 10 cm width 5 mm thickness (Fig. 3-4) 

• Paper clips  

• Waterproof sandpaper grid 180 

 

 
Figure 3-3 Template for light-polymerized acrylic resin layer. 
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Figure 3-4 Glass tiles 10X10 cm. 

 

 3.1.2 Materials for pendulum device 

• Steel ball 

• 2 round metal plates 50 mm diameter 1 mm thickness 

 

3.2 Apparatuses 

 

• Pendulum device (Fig. 3-5) 

• Light curing unit (Triad® Visible Light Cure System, Dentsply®, PA, 

USA) 

• Specimen grinding and polishing machine 

• Digital veneer caliper (Mitutoyo®, Japan)  

• Single point load cell (PT2000, PT®, New Zealand) 

• Weighing indicator (PT650D, PT®, New Zealand) 

• Personal computer with Hyperterminal program (Microsoft windowXP, 

USA) 

 

3.3 Methods 

 

 3.3.1 Fabrication of pendulum device  
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 A pendulum device (Fig. 3-5) was constructed similar to that of a Charpy 

and Izod impact testing machine with adjustable base. The impact object was a steel 

ball, the pendulum arm was 32 cm length and the weight of the steel ball including the 

pendulum arm was 360g. So, the initial force from this study was equal to 1.13 J (the 

average energy that could damage the human incisor tooth as described in the 

literature review was approximately 1 Joule) which could calculate by using the 

following equation. 

 

E = m·g·h 

 

 By E was equal to the initial impact energy (J), m was the weight of the 

steel ball and pendulum arm (kg), g was referred to the earth’s gravity which equal to 

an approximate value of  9.8 (m/s²) and h was the axis length of the pendulum (m). 

  

 Load cell was attached firmly with screws to the base of the pendulum 

device and set the sensor perpendicular to the axis of the pendulum arm. Weighing 

indicator was connected to the load cell sensor reading the force transmitted value into 

digital data (Kgf). From the weighing indicator, the data cable linked to personal 

computer and record the value 10 times/sec by using Hyperterminal Program 

(Microsoft WindowXP) 
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Figure 3-5 Pendulum device with attached load cell and connected the weighing 

indicator. 

 

 3.3.2 Fabrication of mouthguard specimens 

 The specimens were composed of 2 different types of material, light-

polymerized acrylic resin (hard layer) and ethylene vinyl acetate (soft layer). 

 

• Fabrication of light polymerized acrylic resin layer 

1) 1 and 2 mm thickness of templates were prepared. Outlined the 

template 5 cm diameter then cut off following the outline. 

Weighing 
indicator 

Load cell 

Steel ball 

Pendulum  arm 
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2) Light polymerized acrylic resin sheet was put into the template that 

had a glass plate as a base. 

3) Placed another one glass plate on top and clamp tightly tried not to 

get any air bubble in the specimen. After removed from the clamp, the 

paper clips were used to hold 2 glass plates then curing in the light curing 

unit for 2 cycles of 2 minutes. (Fig. 3-6) 

4) Glided and polished the acrylic resin sheet with rotary instrument 

and gliding machine until got the desire size and shape of the specimen. 

Thickness of each specimen would be measured by digital veneer caliper 

(Fig. 3-7). 

 

 
Figure 3-6 Light polymerized acrylic resin after cured in the light curing unit (before 

removing from the template). 
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Figure 3-7 Finished light-polymerized acrylic resin layer specimen. 

 

• Fabrication of EVA layer 

1) Prepared 1 & 2 mm thickness of EVA sheets  

2) Outlined the EVA sheet 5 mm in diameter 

3) Cut following the outline and polished the margin of the specimens 

with a silicone polishing disc (Fig. 3-8) 

 

 
Figure 3-8 Finished EVA layer specimen. 
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• Fabrication of mouthguard specimens  

 The specimens were composed of 2 different types of materials which 

were EVA (soft) and light polymerized acrylic resin (hard). Then, this study would 

evaluate the shock absorbing capability in 2 major different designs with different 

thicknesses of materials as explained below (Fig. 3-9). 

 

1) Soft insertion specimens 

 Three-layer of specimens were fabricated onto the acrylic resin plate. The 

outer layers were light polymerized acrylic resin and intermediate layer was EVA 

material. 

 There were 3 different thicknesses in each experimental group.  

- Outer layer 1 mm. and intermediate layer 1 mm. 

- Outer layer 1 mm. and intermediate layer 2 mm. 

- Outer layer 2 mm. and intermediate layer 1 mm. 

 

2) Hard insertion specimens 

 Three-layer of specimens were fabricated onto the acrylic resin plate. The 

outer layers were EVA materials and intermediate layer was light polymerization 

acrylic resin. 

 There were 3 different thicknesses in each experimental group.  

- Outer layer 1 mm. and intermediate layer 1 mm. 

- Outer layer 1 mm. and intermediate layer 2 mm. 

- Outer layer 2 mm. and intermediate layer 1 mm. 

 

3) Control group specimens 

 Laminated-EVA specimens were fabricated in 3 thicknesses, 3, 4 and 5 

mm, to compare with the experimental groups that had the each same total 

thicknesses. 
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Figure 3-9 One control and two experimental groups with three different thicknesses. 

 

 Sample size of each group of the experiment was 10 so total specimens 

were 90 samples. 

 

3.3.4. Shock absorbing capacity testing 

 - The two metal plates 50 mm. in diameter, 1 mm in thickness (the same 

diameter as the specimens) was screwed onto the load cell (Fig. 3-10). 
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Figure 3-10 metal plate attached to the load cell. 

 

 - The pendulum device was adjusted the axis length at 62.2 cm. and to hit 

centrally at the surface. 

  - Released the pendulum perpendicularly (90°) compare to the hitting 

surface. Each specimen would measure the forces 1 time and the data would record 1st 

hit force and 2nd hit force from the rebounding effect (Fig. 3-11). 

 

Metal plates 
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Figure 3-11 The experimental diagram. 

 

 - The impact force measured via the load cell would be indicated by the 

weighing indicator then all the data would transfer to show dynamically on the 

computer by connecting the weighing indicator to the computer by data cable with 

Hyperterminal program. (Fig. 3-11). 

 - The data would be showed as a kilogram-force unit (kgf) from the 

experiment and the formula to calculate shock absorbing capacity was as followed. 

 After releasing of the pendulum, force at first hit was that the pendulum 

action to the load cell, defined as initial force (F1). Then there was a rebounding of the 

pendulum which reacted from the force that mouthguard could absorb. This force 

would be read when the pendulum hit the load cell at the second time, defined as 

absorbing force (F2).  
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 So the shock absorbing capability in percentage was equal to  

 

(F2/F1)x100 

 

 The unit kilogram-force (kgf) was defined as the force exerted by Earth's 

gravity on one kilogram of mass. So one kilogram-force was by definition equal to 

9.80665 newtons (N) [71]. 

 Since there was some absorbing force from the system, the test under 

without mouthguard would defined as the absorbing force from the system itself. 

Thus, this value would be set as a baseline (as 0% absorbing capability) and all study 

groups would be minus with this value before analyzed the data. 

 

3.4 Data analysis 

 

  The data would be compared as followed 

  - Among the same group to evaluated if the thickness of the outer and/or 

intermediate layer influenced the transmitted force.  

  - Between the other groups with the same total thickness compare to the 

control group, to evaluated if the soft and/or hard insertion influenced the transmitted 

force. 

 

3.5 Statistical analysis 

 

  When the data was normal distributed and equal variances were assumed, 

the Two-way ANOVA would be use to analyzed between groups and within group. 

  When the data was normal distributed but equal variances were not 

assumed, Games-Howell test would be selected to evaluate the data. 

  When the data was not normal distributed, Non-parametric analysis had to 

be used to analyze. Kruskall-Wallis test would be selected to analyze the data. 

 Statistical tests were conducted at the 0.05 level of confidence. 
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CHAPTER IV 

RESULTS 

 

 
 The mean and standard deviation of all study groups were shown in Table 

4-1. 

 

Table 4-1 The mean data and standard deviation of shock absorbing capability in all 

group of this study. 

Specimen group Mean (%) S.D. (±) 

EVA 3 mm. 14.2150 0.6553 

EVA 4 mm. 21.0678 0.5783 

EVA 5 mm. 22.2865 0.4140 

Hard insertion 3 mm. 8.0719 2.0238 

Hard insertion 4 mm. 5.9338 1.9945 

Hard insertion 5 mm. 4.2017 2.0161 

Soft insertion 3 mm. 5.1560 1.3458 

Soft insertion 4 mm. 6.2521 0.8983 

Soft insertion 5 mm. 3.2373 0.8725 

 

The interaction between type and thickness of mouthguard 

 

 The statistical analysis showed the significance in the interaction of three 

types of mouthguard design and three different thickness on shock absorbing 

capability at 5 % significance level (p value < 0.001) (see appendix A). 

 

 From Fig. 4-1, the means shock absorbing capability of EVA, hard 

insertion and soft insertion designs of mouthguard at 3, 4 and 5 mm. respectively were 

showed in the graph. It indicated that the shock absorbing capability was dependent 



Fac. of Grad. Studies, Mahidol Univ.                                               M.Sc. (Maxillofacial Prosthetics) / 
 

43

both on the design and the thickness of mouthguards since there was interaction 

between these two independent variables (design and thickness) from the analysis.  

 

0

5

10

15

20

25

Sh
oc

k 
ab

so
rb

in
g 

ca
pa

bi
lit

y 
(%

)

EVA 14.215 21.0678 22.2865

Hard insertion 8.0719 5.9338 4.2017

Soft insertion 5.156 6.2521 3.2373

3 mm. 4 mm. 5 mm.

 
Figure 4-1 The interaction between designs and thicknesses. 

 

Multiple comparisons of the study 

 

 As we already known that the shock absorbing capability of the 

mouthguards were depended on both types and thickness of the materials. The 

multiple comparisons of each study groups compare to without wearing the 

mouthguard was examined. 

 From Table 4-1, the data distribution was shown as normal in every groups 

(see appendix A1). Therefore, the parametric statistical analysis with the homogeneity 

of variances was not assumed (see appendix A2). Thus, Games-Howell test was 

selected to use for the multiple comparisons in this situation (see appendix A3). 

 

 From the data, we could interpret the results categorize as follow.  

1) Comparison each individual groups with no mouthguard 

2) Comparison among the study groups and control group 
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4.1 Comparison each individual groups with no mouthguard 

 

 From the multiple comparisons table (see appendix A3), all groups of 

study were significantly difference compare to the no mouthguard group as shown in 

Fig. 4-2. (p-value < 0.001) 
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Figure 4-2 The multiple comparisons between all study groups and no mouthguard 

(No MG) group.  

 

4.2 Comparison among the study groups and control group 

 

 The multiple comparisons of all of the study groups and control group 

were shown in Figure 4-3 
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Figure 4-3 The multiple comparison between the study groups and control group. 
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 4.2.1 Comparison of EVA groups in different thickness 

 The mean and standard deviation values in EVA groups were shown in 

Table 4-2. From the multiple comparisons table (see appendix A3), all each different 

thickness had a difference in shock absorbing capability at 5% significance level (p-

value ≤ 0.02) (first bar from each columns, from Fig. 4-3) 

 

Table 4-2 The means and standard deviations of the EVA group. 

EVA Mean S.D. 

3 mm. 14.2150 0.6553 

4 mm. 21.0678 0.5783 

5 mm. 22.2865 0.4140 

 

 The results of the effect of thickness on the shock absorbing capability in 

the EVA group was shown that 

 1) The highest shock absorbing capability was found in 5 mm followed by 

4 and 3 mm respectively.  

 2) There were significantly difference in shock absorbing capability 

between the thickness of 3 and 4 mm, 3 and 5 mm and also between 4 and 5 mm.  

 

 4.2.2 Comparison of hard insertion group in different thicknesses  

 The mean and standard deviation values in hard insertion groups were 

shown in Table 4-3. From the multiple comparisons table (see appendix A3), there was 

the significant difference between 3 mm and 5 mm at 5% confidence level (p-value = 

0.012) (second bar from each columns, from Fig. 4-3).  

 

Table 4-3 The means and standard deviations of the hard insertion group. 

Hard insertion Mean S.D. 

3 mm. 8.0719 2.0238 

4 mm. 5.9338 1.9945 

5 mm. 4.2017 2.0161 
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 The results of the effect of thicknesses on the shock absorbing capability in 

the hard insertion group was shown that 

 1) The highest shock absorbing capability was found in 3 mm. followed by 

4 and 5 mm. respectively.  

 2) There were significantly difference in shock absorbing capability 

between the thickness of 3 and 5 mm. 

 

 4.2.3 Comparison of soft insertion group in different thickness 

 The mean and standard deviation values in soft insertion groups were 

shown in Table 4-4. From the multiple comparisons table (see appendix A3), there was 

the significant difference between 3 and 5 mm. and 4 and 5 mm. at 5% confidence 

level (p-value ≤ 0.04) (third bar from each columns, from Fig. 4-3).  

 

Table 4-4 The means and standard deviations of the soft insertion group 

Soft insertion Mean S.D. 

3 mm. 5.1560 1.3458 

4 mm. 6.2521 0.8983 

5 mm. 3.2373 0.8725 

 

 The results of the effect of thicknesses on the shock absorbing capability in 

the soft insertion group was shown that 

 1) The highest shock absorbing capability was found in 4 mm followed by 

3 and 5 mm respectively.  

 2) There were significantly difference in shock absorbing capability 

between the thickness of 3 and 5 mm and 4 and 5 mm. 

 

 

 4.2.4 Multiple comparisons at 3 mm. thickness 

 Compare at 3 mm. in all three design groups, the mean and standard 

deviation values were shown in Table 4-5. From the multiple comparisons table (see 
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appendix A3), there was the significant difference between all 3 designs at 5% 

confidence level (p-value ≤ 0.039) (first group of bars from Fig. 4-3). 

 

Table 4-5 The means and standard deviations of the study groups at 3 mm. thickness. 

3 mm. thickness Mean S.D. 

EVA 14.2150 0.6553 

Hard insertion 8.0719 2.0238 

Soft insertion  5.1560 1.3458 

 

 The results of the effect of designs on the shock absorbing capability at 3 

mm. thickness was shown that 

 1) The highest shock absorbing capability was found in EVA group 

followed by hard insertion and soft insertion respectively.  

 2) There were significantly difference in shock absorbing capability 

between the EVA, hard insertion and soft insertion design. 

 

 4.2.5 Multiple comparisons at 4 mm. thickness 

 Compare at 4 mm. in all three design groups, the mean and standard 

deviation values were shown in Table 4-6. From the multiple comparisons table (see 

appendix A3), there was the significant difference between EVA and hard insertion 

and EVA and soft insertion at 5% confidence level (p-value ≤ 0.001) (second group of 

bars from Fig. 4-3). 

 

Table 4-6 The means and standard deviations of the study groups at 4 mm. thickness. 

4 mm. thickness Mean S.D. 

EVA 21.0678 0.5783 

Hard insertion 5.9338 1.9945 

Soft insertion  6.2521 0.8983 

 

 The results of the effect of designs on the shock absorbing capability at 4 

mm. thickness was shown that 
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 1) The highest shock absorbing capability was found in EVA group 

followed by hard insertion and soft insertion respectively.  

 2) There were significantly difference in shock absorbing capability 

between EVA and the hard insertion and in between EVA and the soft insertion 

design. But there was no difference between the hard insertion and the soft insertion 

group statistically. 

 

 4.2.5 Multiple comparisons at 5 mm. thickness 

 Compare at 5 mm. in all three design groups, the result was showed likely 

to 4 mm. thickness situation, the mean and standard deviation values were shown in 

Table 4-7. From the multiple comparisons table (see appendix A3), there was the 

significant difference between EVA and hard insertion and EVA and soft insertion at 

5% confidence level (p-value ≤ 0.001) (last group of bars from Fig. 4-3). 

 

Table 4-7 The means and standard deviations of the study groups at 5 mm. thickness. 

5 mm. thickness Mean S.D. 

EVA 22.2865 0.4140 

Hard insertion 4.2017 2.0161 

Soft insertion  3.2373 0.8725 

 

 The results of the effect of designs on the shock absorbing capability at 5 

mm thickness was shown that 

 1) The highest shock absorbing capability was found in EVA group 

followed by hard insertion and soft insertion respectively.  

 2) There were significantly difference in shock absorbing capability 

between EVA and the hard insertion and in between EVA and the soft insertion 

design. But there was no difference between the hard insertion and the soft insertion 

group statistically. 
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CHAPTER V 

DISCUSSION 

 

 
 The purpose of this study was to evaluate the effect of the different 

thickness and designs of the combination between EVA materials and light 

polymerized acrylic resin as the mouthguard compare to conventional EVA material 

alone and when without mouthguard. 

 

Shock absorbing capability in conventional EVA material (control group)  

 

 Our results showed that the thicker conventional EVA material the better 

in shock absorbing capability. From the data explained above, the difference of shock 

absorbing capability between 4 and 5 mm (1.2186%) was smaller than between 3 and 

4 mm (6.853%). This result supported those of previous studies [17, 59, 61]. Although 

the values were less than those that obtained by other studies. Such differences might 

have originated from differences in the magnitude of the impact force used, sensor 

type used and the experimental method. The lesser changes for the thickness of 4 mm 

or more was in accordance with the report of Westerman et al in 2002 [59]. Clearer 

results were observed with the steel ball. Mouthguards offered greater protection 

against a hard-object impact as compared to a soft-object impact [54]. And the study 

from Maeda et al in 2008 was showed no significant difference among 4 mm, 5 mm, 

and 6 mm with regard to the strain. (Fig.5-1) 
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Figure 5-1 Absorption ability for steel ball in Maeda’s report. 

 

 An impact was believed to be the force applied to a target, and the speed of 

the impact changes rapidly within a short interval of time. Generally, the force was 

strong and the duration of impact was short. The momentum was invariable, both 

before and after the impact. Therefore, when an impact force was applied to a human 

body, there were two different results. If the energy (momentum) was not sufficiently 

large to damage the body, it was consumed as heat energy by the viscosity of the joints 

or other soft tissues. On the other hand, if the energy was sufficiently large to cause 

damage, it became destructive, damaging soft tissues and dislocating and fracturing 

teeth and bones [15].  

 

 It was believed that sports traumas occur when the impact power exceeded 

the physical resistance of a player to a collision with another player, floor, road, or 

event facilities. Therefore, to reduce orofacial injuries, it was best to minimize the 

impact power reaching the athlete. 

 

 The results of our study showed that the impact absorption increased with 

the mouthguard thickness agree with those of a study from Westerman et al that 

suggested the minimum required thickness to be 4 mm and also the study from Maeda 

as described above. However, it was difficult to provide a thickness of 4 mm to the 
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labial aspect and occlusal surface of a mouthguard as the thickness was often a 

compromise between the shock absorption ability and wearer comfort. Thick 

mouthguards were often met with player resistance due to discomfort, speech 

interference, and respiratory restrictions [72]. Therefore, a thickness of 4 mm might 

not be user friendly.  

 

 The lips and cheeks protected the teeth from direct impact forces. 

Therefore, a mouthguard that was so thick that the lips could not close the mouth was 

dangerous. Moreover, a thick mouthguard considerably increased the tension between 

the lips and the cheeks. Thus, there was a danger of increasing the chances of an 

injury. The interocclusal space in the mandibular rest position ranged from 2 to 3 mm 

in general. Therefore, 4 mm was too large and would also be unsuitable 

neurophysiologically. From these reasons, it was necessary to consider player comfort 

in addition to the energy absorption ability when determining the thickness required 

for a mouthguard. Moreover, thicker mouthguards were often criticized not only for 

lip and cheek displacements but also speech interference and respiratory restriction.  

 

 Currently, a thickness of 2 mm or 3 mm was recommended for 

conventional type custom-made mouthguards when using EVA material. This suggests 

that it was necessary to improve the impact absorption ability through improvements 

in the designs and developing new materials of the mouthguard. 

 

Shock absorbing capability in modified designs and materials  

 

 In our study, we tried to create 2 designs of mouthguard that might fulfill 

the requirement that whereas decreasing the thickness but it should be able to gain the 

shock absorbing capability. First group was the hard insertion design which we 

inserted the light polymerizing acrylic resin at the middle of EVA material. Second 

group was soft insertion which layering the EVA material at the intermediate layer and 

the outer layer made from light polymerizing acrylic resin. 
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1. Hard insertion design 

 

 In this design, we hoped that the impacted energy would be distributed 

backward and decreased an amount of the destructive energy to teeth by using inner 

layer. And if the impact power was so strong and mouthguard could not bear it, for 

this situation, hard inserted materials would break down and absorbed the much 

energy at the moment as some of the previous reports showed improvement of the 

shock absorbing property after combine EVA material with harder material in 

between.  

 

 One report in 1985 [27] claimed that a half round wire embedded in a 

double-layer EVA mouthguard, which was the most efficient but that was get the 

different result from De Wet that reported reduction the percentage of forces absorbed 

in arch wire insertion mouthguard [62]. By the way, theoretically the steel arch would 

probably distribute severe forces effectively, which might have other advantages.  

 

 Park in 1994 [52] reported that 4 mm-thick of EVA with hard material, 

which was EVA with low percentage of Vinyl Acetate part in center, was able to 

improve the shock absorption capability. Takeda et al showed that a three-layer-type 

mouthguard with an 1-mm acrylic resin inner layer offered a large buffer capacity and 

furthermore that a similar type of mouthguard but with a 1-mm space preventing 

contact with the tooth surface had a significantly greater buffer capacity than a 

conventional mouthguard [64] (Fig. 5-2). They claimed that, the mouthguard material 

was able to bend in applied space between mouthguard and teeth, and energy should 

be absorbed greatly while mouthguard transforming. So the injury might be 

preventable or reduced with this type of hard and space mouthguard design. 
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Figure 5-2 Hard insertion and hard+space designs in Takeda’s study. 

 

 However, from our result, the hard insertion brought the negative result 

compare to the conventional EVA materials. And the thicker of the mouthguard in this 

design was not help to increase the shock absorbing capability. Westerman in 2000 

also studied about hard insertion in different thickness of the intermediate layer [63]. 

Even the result found that the thicker of hard (intermediate) layer the better shock 

absorption capability but these group of designs still worse when compared to 

conventional EVA material at the same total thickness. Another study from 

Bemelmanns [73] and Craig [48] showed also negative result of hard insertion of 

mouthguard design. 

 

 The reason to explain for this result was that the acrylic resin layer might 

be too rigid to transmit the force and distributed into the inner layer of EVA materials. 

It might be implied that only the outer layer of EVA was act as the shock absorber. 

Moreover, in Takeda’s study, if we looked at the transmission forces of acceleration 

point of view, EVA and hard insertion were not significantly different even their 

report showed very effective result when looked at the distortion waveform point of 

view (Fig. 5-3) [64]. Thus, there was considerable room for additional research in this 

area. 
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Figure 5-3 (left)  distortion waveform. (right)  steel ball acceleration in Takeda’s 

study (29). 

 

2. Soft insertion design 

 

 Another group of mouthguard design in this experiment was soft insertion 

group. We hypothesized that softer layer inside would increasing the absorbing 

capability by a reduced impacted force was transferred to the teeth (force transducer in 

this experiment) due to shock absorbing capability of the compliant material layer.  

 

 We also hoped that harmful rebound energy would also be reduced as the 

composite laminate would return to its original shape more slowly than a single 

material system.  

 

 A special designed 2 layers custom-formed mouthguard by De Wijn that 

consisted of a rigid outer layer of polycarbonate and an inner layer of EVA with 

approximately 1 mm wide space had been retained between protector and anterior 

teeth absorbed much of impact energy. Greasley et al examined a harder and stiffer 

material (styrene butadiene, 3 mm thick) over an EVA (2 mm thick) and found that the 

number of teeth fractured on impact was similar to a 5 mm thickness of EVA alone 

[74]. However, Takeda et al claimed that hard material outer layer was not necessary 

safe. 

 

 Compare with our soft insertion design, the result was showed in the 

different direction. It might because of the acrylic resin had less ability to distribute 
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the force throughout the specimen so the force hit as a point which direct transmitted 

to the transducer. The study by Kim Hs et al in 1998 about the lamination 

mouthguards composed of varying thicknesses of a rigid upper layer and soft lower 

layer (in contact with the teeth/gingival) had been modeled using finite element 

analysis [75]. In models with laminates of equal thickness, as the stiffness difference 

between the two layers increased, stress distribution across the teeth also increased; 

however, the force transmitted to the underlying tissue also increased. Thus, there 

appeared to be a conflict between stress distribution and shock absorbency. Despite 

computer modeling, studies examining current laminates with different stiffness and 

hardness characteristics had not been promising. However, it was unclear whether the 

modulus differences between the rigid and soft layers hypothesized to provide 

protective effects were achieved or even approximated. 

 

3. Modified mouthguard materials 

 

 Rather than modified the design itself, another method for improve the 

efficacy of mouthguard was modification of the mouthguard materials. It was 

necessary to improve impact absorption by developing new materials. EVA materials 

were the most commonly used in the manufacture of both mouth-formed and custom-

made mouthguards. Being nontoxic and easy to use, it had become widely accepted as 

a mouthguard material [15]. However, there appeared to be scope for further 

improvement. Materials believed to improve energy absorption by using polyolefin 

and polystyrene and by foaming of EVA had been marketed in Japan (sales 

discontinued at present) and the USA, respectively. Although these new materials 

were believed to result in improvement in energy absorption a detailed study remained 

to be performed [76]. 

 

There was one study from Westerman about the effect of EVA closed cell 

foam on transmitted forces in mouthguard material (Fig. 5-4) [53]. These material 

samples were obtained by injection moulding EVA polymer with the Hydrocerol 

which was the foaming agent into a die. Hydrocerol was added to the EVA polymer in 

1%, 5% and 10% by weight concentrations. And the result found that in 10% foamed 
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polymer had the best energy absorption compare to another and also when compare 

with control (conventional EVA). Though, these were not statistically significant. 

Moreover, from a clinical perspective, open cell foams present problems with bacterial 

contamination. The modification and finishing of mouthguards constructed with such 

foams, either by cutting or grinding, would result in open voids within the mouthguard 

material. In the oral cavity, these open cells were ideal sites for bacterial retention 

unless surface sealing of the foam could take place [76].  

 

 
Figure 5-4 Example of gas inclusion (10% Hydrocerol) in the study from Westerman 

in 2002. 

 
Effect of force transducer 

 

 Mouthguards had been tested for impact energy absorption using 

pendulum device and/or drop ball. While all reports showed efficiency of the 

mouthguards, the impact absorption abilities reported different in result values (Table 

5-1). This difference had been attributed to differences of the material, design and the 

impact force used. Moreover, one study by Takeda stated that types of force sensors 

brought the difference result [55]. Shock absorption value tended to became smaller in 

order of the strain gauge, the accelerometer, and the load cell.  
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Table 5-1 Shock absorbing capability of the mouthguards in previous studies. 

 
 

 Might be because of this reason, shock absorption capability in our study 

(range from 2 – 22%) which use load cell as a transducer got less value compare to 

others. 

 

Further study and limitation 

 

 Because of obvious ethical concerns, no impact studies on the protective 

capabilities of entire mouthguards had been performed on live human subject, 

although one study did examine force damping during weight unloading in human 

[15]. Generally, studies differed in terms of impact techniques, anatomical area of 

impact application, and outcome measures as explained above. Although 

methodological differences among studies had to be kept in mind, several general 

factors emerged that seem to be important for mouthguard construction.  

 

 However, there were no standards governing the production quality and 

effectiveness of such custom made mouthguards. In long term it might be possible for 

regulating authorities to supply such a standard jaw to potential manufacturers of 

mouthguards and had a subsequent jaw and custom fitted mouthguard impact tested 

under controlled conditions in order to assess the effectiveness of the design, the 
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materials used, and the manufacturing method [55]. One study from Greasley tried to 

use a simulated upper jaw made from a rubber arch containing replaceable ceramic 

teeth of fracture toughness 0.5 MN/m3/2 and a renewable composit ceramic jawbone of 

fracture toughness 3.0 MN/m3/2 and impacted with a conical ended 0.51 kg projectile 

which had an impact velocity of 6.25 m/s (10 J energy) located in spring loaded tubes 

at 37 ºc to compare the effectiveness of custom made mouthguard designs and a boil-

and-bite mouthguard [77]. They stated that careful selection of impact energy, 

projectile profile, jawbone fracture toughness, and tooth fracture toughness could give 

conditions that simulate clinical observation in a standardized jaw. However, further 

study should be performed in this clinical point of view.  
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CHAPTER VI 

CONCLUSION 

 

 
 The shock absorbing capability of two combination designs of Ethylene 

Vinyl Acetate and light-polymerized acrylic resin were evaluated. In addition the 

influence of the mouthguard thickness was also investigated. Within the parameters of 

the materials used and the study design, the following conclusion might be made: 

1. All mouthguard types could decrease the forced transmitted to the teeth 

(which was load cell sensor in this study). 

2. The thickness of mouthguard affected the shock absorbing capability in 

conventional EVA material but not influence in hard insertion and soft 

insertion groups. 

3. There was no statistically difference between the shock absorbing 

capability of hard insertion and soft insertion group. 
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STATISTIC ANALYSIS 

 

 
(A) The significance in the interaction of three types of mouthguard design and three 

different thickness on shock absorbing capability at 5 % significance level. 

Tests of Between-Subjects Effects

Dependent Variable: DATA

4283.177a 8 535.397 292.845 .000
165875.596 1 165875.596 90728.70 .000

3782.787 2 1891.393 1034.532 .000
57.138 2 28.569 15.626 .000

443.253 4 110.813 60.611 .000
148.089 81 1.828

170306.862 90
4431.266 89

Source
Corrected Model
Intercept
TYPE
THICK
TYPE * THICK
Error
Total
Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .967 (Adjusted R Squared = .963)a. 
  

 

(A1) All of the study was calculated in the SPSS to check the normality with 

Kolmogorov-Smirnov test. The result showed all the data were normal distributed at 5 

% significance level (p-value > 0.05).  

One-Sample Kolmogorov-Smirnov Test

10 10 10 10 10 10 10 10 10
14.2150 21.0678 22.2865 8.0719 5.9338 4.2017 5.1560 6.2521 3.2373
.65532 .57852 .41376 2.02380 1.99469 2.01623 1.34572 .89831 .87254

.230 .229 .188 .230 .152 .126 .233 .189 .184

.161 .229 .188 .165 .152 .111 .233 .189 .146
-.230 -.143 -.149 -.230 -.105 -.126 -.148 -.104 -.184
.726 .724 .596 .727 .482 .398 .737 .598 .581
.667 .672 .869 .665 .975 .997 .648 .867 .889

N
Mean
Std. Deviation

Normal Parametersa,b

Absolute
Positive
Negative

Most Extreme
Differences

Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)

EVA3 EVA4 EVA5 HI3 HI4 HI5 SI3 SI4 SI5

Test distribution is Normal.a. 

Calculated from data.b.  
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(A2) For the homogeneity of variances of all study groups, it was calculated by using 

Levene’s Test. The result showed that the variances of all the groups in this study were 

not equal at 5 % significance level (p-value < 0.001). 

Levene's Test of Equality of Error Variancesa

Dependent Variable: DATA

5.293 8 81 .000
F df1 df2 Sig.

Tests the null hypothesis that the error variance
of the dependent variable is equal across groups.

Design: Intercept+GROUPa. 
 

 

(A3) Multiple comparison of all study groups including control group and no 

mouthguard group using Games-Howell’s test. 
 
Dependent Variable: DATA  
Games-Howell  

(I) GROUP (J) GROUP 
Mean 

Difference (I-J) Std. Error Sig. 95% Confidence Interval 

          Lower Bound Upper Bound 
0 1 -14.2150(*) .20723 .000 -15.0559 -13.3741
  2 -21.0678(*) .18294 .000 -21.8101 -20.3255
  3 -22.2865(*) .13084 .000 -22.8174 -21.7556
  4 -8.0719(*) .63998 .000 -10.6687 -5.4751
  5 -5.9338(*) .63078 .000 -8.4933 -3.3743
  6 -4.2017(*) .63759 .002 -6.7888 -1.6146
  7 -5.1560(*) .42555 .000 -6.8827 -3.4293
  8 -6.2521(*) .28407 .000 -7.4048 -5.0994
  9 -3.2373(*) .27592 .000 -4.3569 -2.1177
1 0 14.2150(*) .20723 .000 13.3741 15.0559
  2 -6.8528(*) .27643 .000 -7.8458 -5.8598
  3 -8.0715(*) .24508 .000 -8.9706 -7.1724
  4 6.1431(*) .67270 .000 3.5269 8.7593
  5 8.2812(*) .66395 .000 5.7017 10.8607
  6 10.0133(*) .67042 .000 7.4067 12.6199
  7 9.0590(*) .47333 .000 7.2800 10.8380
  8 7.9629(*) .35163 .000 6.6875 9.2383
  9 10.9777(*) .34508 .000 9.7285 12.2269
2 0 21.0678(*) .18294 .000 20.3255 21.8101
  1 6.8528(*) .27643 .000 5.8598 7.8458
  3 -1.2187(*) .22492 .002 -2.0356 -.4018
  4 12.9959(*) .66562 .000 10.3867 15.6051
  5 15.1340(*) .65677 .000 12.5616 17.7064
  6 16.8661(*) .66332 .000 14.2664 19.4658
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(I) GROUP (J) GROUP 
Mean 

Difference (I-J) Std. Error Sig. 95% Confidence Interval 

          Lower Bound Upper Bound 
  7 15.9118(*) .46321 .000 14.1507 17.6729
  8 14.8157(*) .33788 .000 13.5783 16.0531
  9 17.8305(*) .33106 .000 16.6210 19.0400
3 0 22.2865(*) .13084 .000 21.7556 22.8174
  1 8.0715(*) .24508 .000 7.1724 8.9706
  2 1.2187(*) .22492 .002 .4018 2.0356
  4 14.2146(*) .65322 .000 11.6140 16.8152
  5 16.3527(*) .64420 .000 13.7893 18.9161
  6 18.0848(*) .65088 .000 15.4939 20.6757
  7 17.1305(*) .44521 .000 15.3931 18.8679
  8 16.0344(*) .31275 .000 14.8528 17.2160
  9 19.0492(*) .30537 .000 17.8986 20.1998
4 0 8.0719(*) .63998 .000 5.4751 10.6687
  1 -6.1431(*) .67270 .000 -8.7593 -3.5269
  2 -12.9959(*) .66562 .000 -15.6051 -10.3867
  3 -14.2146(*) .65322 .000 -16.8152 -11.6140
  5 2.1381 .89859 .390 -1.0838 5.3600
  6 3.8702(*) .90338 .012 .6312 7.1092
  7 2.9159(*) .76855 .039 .1087 5.7231
  8 1.8198 .70020 .308 -.8347 4.4743
  9 4.8346(*) .69693 .000 2.1855 7.4837
5 0 5.9338(*) .63078 .000 3.3743 8.4933
  1 -8.2812(*) .66395 .000 -10.8607 -5.7017
  2 -15.1340(*) .65677 .000 -17.7064 -12.5616
  3 -16.3527(*) .64420 .000 -18.9161 -13.7893
  4 -2.1381 .89859 .390 -5.3600 1.0838
  6 1.7321 .89688 .651 -1.4836 4.9478
  7 .7778 .76090 .986 -1.9982 3.5538
  8 -.3183 .69179 1.000 -2.9374 2.3008
  9 2.6965(*) .68849 .041 .0830 5.3100
6 0 4.2017(*) .63759 .002 1.6146 6.7888
  1 -10.0133(*) .67042 .000 -12.6199 -7.4067
  2 -16.8661(*) .66332 .000 -19.4658 -14.2664
  3 -18.0848(*) .65088 .000 -20.6757 -15.4939
  4 -3.8702(*) .90338 .012 -7.1092 -.6312
  5 -1.7321 .89688 .651 -4.9478 1.4836
  7 -.9543 .76656 .953 -3.7534 1.8448
  8 -2.0504 .69801 .191 -4.6957 .5949
  9 .9644 .69473 .910 -1.6754 3.6042
7 0 5.1560(*) .42555 .000 3.4293 6.8827
  1 -9.0590(*) .47333 .000 -10.8380 -7.2800
  2 -15.9118(*) .46321 .000 -17.6729 -14.1507
  3 -17.1305(*) .44521 .000 -18.8679 -15.3931
  4 -2.9159(*) .76855 .039 -5.7231 -.1087
  5 -.7778 .76090 .986 -3.5538 1.9982
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(I) GROUP (J) GROUP 
Mean 

Difference (I-J) Std. Error Sig. 95% Confidence Interval 

          Lower Bound Upper Bound 
  6 .9543 .76656 .953 -1.8448 3.7534
  8 -1.0961 .51166 .527 -2.9644 .7722
  9 1.9187(*) .50718 .040 .0623 3.7751
8 0 6.2521(*) .28407 .000 5.0994 7.4048
  1 -7.9629(*) .35163 .000 -9.2383 -6.6875
  2 -14.8157(*) .33788 .000 -16.0531 -13.5783
  3 -16.0344(*) .31275 .000 -17.2160 -14.8528
  4 -1.8198 .70020 .308 -4.4743 .8347
  5 .3183 .69179 1.000 -2.3008 2.9374
  6 2.0504 .69801 .191 -.5949 4.6957
  7 1.0961 .51166 .527 -.7722 2.9644
  9 3.0148(*) .39602 .000 1.5948 4.4348
9 0 3.2373(*) .27592 .000 2.1177 4.3569
  1 -10.9777(*) .34508 .000 -12.2269 -9.7285
  2 -17.8305(*) .33106 .000 -19.0400 -16.6210
  3 -19.0492(*) .30537 .000 -20.1998 -17.8986
  4 -4.8346(*) .69693 .000 -7.4837 -2.1855
  5 -2.6965(*) .68849 .041 -5.3100 -.0830
  6 -.9644 .69473 .910 -3.6042 1.6754
  7 -1.9187(*) .50718 .040 -3.7751 -.0623
  8 -3.0148(*) .39602 .000 -4.4348 -1.5948

Based on observed means. 
*  The mean difference is significant at the .05 level. 
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