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Chapter 1 Introduction 

1.1 Single missing tooth: etiology and prevalence statistics  

Most people will experience permanent tooth loss during their lifetimes. Several 

factors are highly associated with tooth loss, with dental caries and periodontitis being the 

most critical [1-4]. A small pit-and-fissure lesion can escalate into a pulp-involved or 

sub-gingival deep caries if one does not receive timely intervention. Some pulp-involved 

carious teeth could be restored after receiving proper endodontic treatments and its 

associated dental prostheses such as posts and cores, while most teeth with large 

subgingival carious lesions are usually recommended to be extracted, although 

restoration is sometimes carried out. 

The other major disease-related factor for tooth loss, periodontitis, can loosen the 

periodontal attachment, causing high tooth mobility and finally tooth exfoliation. Teeth 

are subjected to various levels of occlusal load, either vertical or oblique, depending on 

their positions. Teeth with insufficient periodontal attachments are not able to support the 

regular occlusal load, causing them to suffer from the so-called secondary occlusal 

trauma. Secondary occlusal trauma can be further aggravated by parafunctional habits 

such as bruxism. 

Some sociodemographic factors are also highly related to tooth loss, e.g. age, 

gender, ethnicity or financial status:  

 It has been well documented that the mean number of missing teeth increases 

with age [5, 6]. In 2007, the Center for Disease Control and Prevention (CDC) 
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reported that the mean number of missing teeth among the adult population 

(20 ~ 64 years) in the United States ranged from 0.69 (< 34 years old) to 5.30 

(> 50 years) [7]. For older individuals, chronic diseases or limited access to 

dental care can make them more prone to tooth loss [8-10]. Although the most 

recent (1999-2004) National Health and Nutrition Examination Survey has 

shown that the prevalence of both partial and total tooth loss in seniors age 65 

and over has decreased [11], the average numbers for this elder population 

(8.32 for age 65 to 74 and 9.41 for age 75 and older) are still high. In 

comparison with the United States, a higher number of missing teeth can be 

found in the younger population in some developing countries [12]. In a 

survey conducted in Brazil in 2001, for example, 70% of females and 65% of 

male teenagers have lost some of their permanent teeth even before puberty 

[13]. 

 Researchers from the CDC have found that women were more vulnerable to 

oral diseases, especially during pregnancy, as most pregnant women do not 

visit dentists because of concerns about the safety of dental treatment and 

medication [14]. However, many physiological changes during pregnancy, 

such as pregnancy-related gingivitis or tooth erosion from morning sickness, 

can give women poor oral health, which can be transmitted to their newborns 

[14].  

 It is also known that the mean number of missing teeth is significantly lower 

in non-Hispanic white population and wealthy household, which is defined as 
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those with their annual income 200% more than the poverty threshold 

according to the federal poverty guideline [8].  

Although tooth loss is not a life-threatening disease, it does significantly affect 

one’s quality of life; therefore, the World Health Organization (WHO) has set several 

global goals for oral health every decade since the year 1981 [15]. Reducing the number 

of missing teeth has always been an important aim for improving oral health and to 

achieve a better quality of life. The global goal for oral health set by WHO in the year 

2000 was that 85% of the world population would not have any missing teeth [15]. For 

the year 2010, WHO proposed a goal of no missing teeth among the 18-year old 

individuals [16]. Furthermore, WHO is targeting to increase the number of natural teeth 

present in the dentition of older population (65~74 years old) to 21 or more by the year 

2020 [17].  

A 2012 report from the Australian Institute of Health and Welfare in 2012 has 

shown that the average number of missing teeth ranged from 2.2 teeth for people aged 

15–24 to 11.9 teeth for those aged 65 and over [18]. A 2009 survey by the Massachusetts 

Department of Public Health revealed that approximately 50% of adults over 55 years old 

are missing six or more teeth [19].  Comparing these facts with the WHO goals, it is 

obvious that we are still some way away from achieving them. Before the global goals set 

by WHO are achieved, the only solution for edentulous people to regain a better quality 

of life is a proper dental prosthesis. This study will focus on treatment options for 

replacing a single missing tooth; the many different treatments options for replacing 

multiple missing teeth at the same time will not be considered. 
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1.2 Treatment options for replacing a single missing tooth 

To restore a single missing tooth, several treatment options are available. 

Amongst these, two major categories, tooth-supported fixed partial dentures (FPD), the 

so-called dental bridges, and single implant-supported dental crowns (Figure 1.1), are 

usually considered [20, 21].  

 

Figure 1.1 The two major treatment options for single tooth replacement: tooth-

supported FPDs and implant-supported dental crowns [22].  
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1.2.1 Tooth-supported fixed partial dentures 

The various designs of FPDs can be categorized by the number or type of 

retainers they use. For instance, the denture can be of a 2-unit cantilever or a 3-unit 

bridge design, and the retainer can be designed as full or partial abutment coverage. 

Partial abutment coverage includes wing-shaped retainers placed on the lingual surfaces 

of anterior teeth and box-shaped inlays, ring-shaped onlays or clasps used for posterior 

abutments. These FPDs with partially-covered abutments are also known as “adhesive” 

or “resin-bonded” FPDs. A summary of the prosthetic designs for replacing a single 

missing tooth is listed in Table 1.1. 

Table 1.1 The classification of dental prostheses for replacing a single missing tooth 

The type of prosthesis The number of abutments The type of retainer 

Tooth-supported Fixed 

Partial Denture 

Two tooth abutments;  

3-unit dental bridge 

 For anterior abutments 

o Lingual wings 

 For posterior abutments 

o Box-shaped inlays 

o Ring-shaped onlays 

o Clasps 

Single tooth abutment;  

2-unit cantilevered bridge 

Implant-supported 

dental crown 
Single implant abutment N/A 

In general, implant-supported dental crowns can last longer than tooth-supported 

FPDs. In a meta-analysis, the 5-year success rate of implant-supported restorations was 

95.1%, but that of FPDs was only 84.0% [21]. Among the FPDs, higher failure rates 

could be found in the adhesive FPDs. Another meta-analysis, which included both 3-unit 
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and 2-unit cantilevered FPDs and implant-supported restorations, indicated that implant-

supported restorations had the highest survival rate of 94.5% after 5 years of observation 

[23]. However, the 10-year survival rate of implant-supported restorations was only 

moderately higher than that of bridge-type FPDs. The estimated 10-year survival rate for 

bridge-type FPDs, cantilevered FPDs and implant-supported restorations were 89.2%, 

80.3% and 89.4%, respectively [23].  

The failures of FPDs are often caused by secondary caries, periodontitis and intra-

pulpal pathologic changes in the supporting teeth [24]. The splinting of dental bridges, 

especially the 3-unit type, makes the maintenance of oral hygiene difficult. As a result, 

dental plaque can easily accumulate underneath the pontic and around the margins of the 

abutments. In addition, some of the dental cements used for fully-covered crowns, such 

as Zinc Phosphate cement, can be washed out gradually with time. The resulting marginal 

gaps allow the pathogen (the low pH of dental plaque) to demineralize the tooth 

structures and then develop secondary caries. 

Plaque accumulation causes periodontitis and attachment loss of the abutment 

tooth. It is also known that periodontal pockets are deeper on the pontic side than the 

other side due to food debris impaction. Furthermore, because there is no tooth structure 

in the edentulous space to maintain the alveolar bone, the speed of attachment loss is 

faster on the pontic side. If the missing tooth was not replaced immediately after tooth 

extraction, the neighboring abutments could tilt towards each other. A dental bridge 

constructed on tilted abutments usually induces problematic stresses to the abutements 
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and their surrounding bones which eventually lead to significant periodontal attachment 

loss. 

Another complication with the dental bridge treatment option is pathologic 

changes of the pulp in the abutment [25]. Many studies have shown that pulp necrosis 

could occur after a vital abutment is prepared for a dental bridge [25-29]. In a study 

involving observations that ranged from 4 to 17 years, 15% of the abutments were found 

to have necrotic pulps [28]. Another 10-year survey also found radiographically visible 

lesions in the periapical regions of 10% of the abutments examined [30]. A longer-term 

longitudinal study indicated that the survival of the pulps of prepared abutments 

decreased by about 3-5 % every five years, reducing to 83% after 25 years of observation 

[31]. The heat from dental bur grinding during tooth preparation is considered the most 

critical factor for pulp necrosis. 
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1.2.2 Implant-supported dental crowns 

In comparison with conventional tooth-supported FPDs, replacing a single 

missing tooth with a dental implant provides better esthetics, easier hygiene maintenance, 

and it helps maintain the residual bones and periodontal tissues [32]. Each missing tooth 

can be replaced with an individual dental implant, so the neighboring teeth are not linked 

to the prosthesis; therefore, dental floss can still be used for maintaining good oral 

hygiene. Dental implants, together with a proper reestablishment of biological width (the 

thickness of attached soft tissue surrounding implants) can promote the regeneration of 

interdental papillae, which are highly important for restoring the anterior dentitions’ 

esthetics [33-35]. Dark triangles in the interdental space, which are caused by missing 

dental papillae, can usually be seen in individuals treated with conventional FPDs [36]. 

This interdental space can be filled using gingiva-colored restorative material in the FPD; 

however, it will make cleaning around the pontic more difficult.  

To achieve a satisfactory outcome, bone or soft tissue augmentation may be 

carried out prior to the implant surgery [37]. Before the surgery, the bone quality and 

quantity are usually assessed using a panoramic radiograph or computed tomography 

(CT). To avoid their perforation during the implant surgery, several important anatomical 

structures, such as the nasal cavity, maxillary sinus, nasopalatine and inferior alveolar 

nerve, need to be located. Performing a bone augmentation procedure can help regain the 

bone volume and also prevent injuring those important structures [38-41]. This procedure 

is especially important for implant surgery in the anterior maxilla region where the 

alveolar bony structure is the thinnest and the implants are not axially loaded. Bone 
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augmentation helps enables the implants to be inserted at a favorable angle, which is 

important to uniformly distribute the load in the surrounding bone. More details will be 

discussed in Chapter 4.  

Regardless of the implant manufacturers, most implant systems can provide a 

reliable treatment outcome, and they have an excellent mechanical survival rate. Major 

failures result from peri-implantitis or non-plague-induced loss of osseointegration [42]. 

Peri-implantitis can be prevented by a comprehensive periodontal control before implant 

surgery and elaborate oral hygiene care after implant surgery. Non-plague-induced loss of 

osseointegration is usually caused by unfavorable or excessive loading conditions from 

an improper prosthesis [43]. It can be minimized by periodic occlusion check and 

occlusal adjustment.  

Various features of current implant systems have been analyzed extensively, and 

different designs have been proposed to improve their performance. These include the 

thread designs [44-46], surface modifications [47-49], abutment connection types [50, 51] 

and the concept of platform switching [52-54], which uses smaller diameter implants to 

induce better gingival adaptation. Metal-ceramic or all-ceramic prostheses have been 

widely used for implant abutments. Despite all these implant differences, the crown 

design is almost the same as that for the natural tooth abutment. A pre-angulated 

abutment is sometimes required to correct the crown inclination if the insertion angle of 

the implant is compromised [55]. 

 



 

10 

 

1.2.3 Things for consideration during treatment planning 

Although the financial status of the patient may limit their treatment options, this 

section will only focus on the clinical considerations.  

Before making a suitable and personalized treatment plan, a comprehensive oral 

examination needs to be taken, including a complete survey of the periodontal status, 

pulpal health of the abutment teeth, periapical and panoramic radiographs. Practitioners 

should also check if their patients have parafunctional habits and any history of trauma or 

other related systemic diseases. For example, an inlay-retained FPD, which has lower 

retention, is not recommended for a patient who abruxes. The assessment of each 

individual abutment includes its periodontal status, the amount of remaining tooth 

substance, and the need for endodontic therapy.  

FPDs can be made of pure metal, metal-ceramic, all-ceramic, fiber-reinforced 

composite or nanocomposite. Due to patients’ demand for esthetics, pure metallic 

prostheses are no longer suggested except for patients with financial concerns. Tooth-

colored materials have become the mainstream in dental prosthesis. Nevertheless, the 

most important requirement that FPDs have to meet is the rigidity of the structure. To 

achieve both structural rigidity and esthetics, most tooth-colored prostheses combine two 

or more materials of different properties. During chewing, a FPD experiences tensile, 

twisting, compressive and shear mechanical loads. For a dental prosthesis constructed 

from two or more materials, the material layout plays an important role in its structural 

stress distribution. To design a FPD with excellent mechanical performance, an optimal 

material layout for each material system needs to be investigated. An example is provided 



 

11 

 

by the residual stresses generated in metal-ceramic restorations after the firing process. 

By changing the shape of the metal substructure, unfavorable residual tensile stresses 

from the firing process can be transformed into compressive stresses to improve the 

strength of metal-ceramic restorations.  

For the implant-supported prosthesis, the condition of the surrounding bone has to 

be evaluated. Alveolar bone at the recipient site that has insufficient height or width 

usually has to be augmented by bone graft through surgery prior to placing the implant. A 

minimum 6-8 mm clearance between neighboring teeth is usually required mesiodistally 

for the implant and its prosthesis [37]. If the neighboring teeth are tilted due to long-term 

edentulism, a partial-arch orthodontic treatment is required to regain enough clearance 

before the implant surgery [56]. Selecting the proper dimensions for an implant is 

traditionally guided by a simple principle based on the crown-to-root ratio. A crown-to-

root ratio of 0.55 is usually used for a maxillary dentition and 0.6 for the mandibular 

dentition. However, some short implant (<10 mm) systems, their crown-to-implant ratios 

being greater than 0.6, still perform very well [57, 58]. In a systematic review, the failure 

rates of short dental implants and implants of standard length were not found to be 

significantly different, and over observation periods that ranged from 1 to 10 years, the 

averaged failure rate of short dental implants was only about 4.5% over six years [58]. 

Because of its minimal requirement for bone height, short implants can be used without 

the risk of approaching important anatomical structures and the complications of bone 

augmentation procedures. Therefore, these short implants are gaining wider acceptance 

from both clinicians and patients. 
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The use of implant prosthesis in the maxillary anterior region is the most 

challenging [59]. This region has the poorest bone condition: only a very thin cortical 

layer and highly porous cancellous bone underneath. The long-term success rate in this 

region is, therefore, not as predictable as that in the posterior region. The inherent 

anatomical shape of the anterior maxilla also increases the risk of perforating the labial 

plate of the alveolar bone during implant surgery. Modern technology makes it possible 

for oral surgeons to perform simulated surgery on three-dimensional computed 

tomography (CT) reconstruction models. Also, a surgical template can be fabricated 

based on the CT scan using a computer-aided design and computer-aided manufacturing 

(CAD/CAM) system to guide the implant insertion. Even so, the insertion angle of a 

dental implant in the anterior maxilla is still limited by its anatomical shape. With poorer 

bone quality and a compromised insertion angle that cannot distribute the occlusal load 

evenly, the loss of osseointegration will be more likely; therefore, the optimal placement 

of a dental implant in the maxillary anterior region needs to be investigated. 
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1.3 Review of dental material systems for fixed partial dentures 

Overall, the dental implant is a better option for restoring a single missing tooth; 

however, patients often refuse this option because of the very high cost and the risk of 

surgical procedures involved. As a result, conventional FPDs have continued to be 

extensively used in prosthetic dentistry. To achieve both adequate mechanical strength 

and satisfying aesthetics, composite structures such as fiber-reinforced composite resin 

(FRC), porcelain-fused-to-metal alloy, and two-layered dental ceramic, have been used 

for the fabrication of FPDs [60]. With these composite forms, the mechanical strength of 

dental prostheses is mainly provided by the substructural materials, e.g. the metallic 

framework in porcelain-fused-to-metal restorations, the zirconia coping in all-ceramic 

applications, and the glass fibers in FRC restorations, while the veneering materials can 

be tailored to mimic the neighboring natural teeth in appearance. This section gives a 

brief review of these three material systems. 
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1.3.1 Porcelain-fused-to-metal system 

The use of porcelain-fused-to-metal (PFM) FPDs has been a predictable approach 

to replacing single missing teeth since the 1950s [60]. This type of dental restoration 

evolved from the resin-veneered metal restorations. Changing the veneering material 

from acrylic resin to porcelain preserves the advantage of tooth-mimicking color, while 

further enhancing the transparency. Because they are wear-resistant and easy-to-polish, 

dental porcelains are less prone to discoloration. Due to the brittle nature of porcelains, 

the metal substructure of the PFM restoration has to be designed to minimize the tensile 

stresses or transform them into compressive stresses in the porcelain layer following the 

firing process as mentioned above.  

The frameworks of PFM restorations are mainly fabricated with a layer of metal 

alloy that provides the restoration with high fracture strength to increase its clinical 

survival rate [61]. The currently available metal alloy systems are split into three 

categories by the American Dental Association: high-noble, noble and base alloy. They 

are defined by the percentage of noble metals they contain, including Gold (Au), 

Platinum (Pt) and Palladium (Pd).  

As mentioned previously, the substructure of PFM restoration has to be very rigid. 

The connectors, which link the pontic with the metal copings on the abutments, are 

highly stressed, and hence, they are usually the most vulnerable regions in the 3-unit 

FPDs. The dimensions of the connectors can significantly affect the mechanical strength 

of a FPD.  
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 The traditional design of the metal substructure follows two basic guidelines [62]. 

First, there must be no sharp edges as they can induce high local stress concentrations 

that cause cracking in the porcelain layer. Second, the metal-ceramic junction should not 

be placed near the tooth-contact area, e.g. the lingual surface of the maxillary incisor. The 

cutting-back technique is often used to obtain a proper geometry for the metal 

substructure. A wax pattern of the missing tooth is first built up to its original contour on 

the abutment die. It is then cut back to provide sufficient space for the veneering 

porcelain. The porcelain should be at least 1 mm thick to mask the metal underneath and 

it should not exceed 2 mm so as to create unsupported sections that can chip easily. These 

conventional guidelines do not fully take into account the stress distribution in the 

structure and the possible distortion of the metal substructure during the porcelain firing 

process. 

 Several modifications to the geometry of the traditional metal substructure have 

been proposed. The Reinforced Porcelain System (RPS) proposed by Shoher and 

Whiteman [63] reduced the amount of metal used by using a metal coping of uniform 

thickness in combination with laterally extended shelf on the occluso-axial line angles 

(Figure 1.2). This shelf design prevents the interproximal porcelain from flaking due to 

occlusal impact. To ensure that the unsupported interproximal porcelain is less than 2 mm 

thick, a thick metal collar is used in the traditional cut-back design. In addition, the shelf 

forms a concave space on the occlusal top that can strengthen the porcelain within the 

concavity by introducing residual compressive stress within it following firing of the 

porcelain.  
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Figure 1.2 The occlusal shelf of the RPS substructure design [63]. 

For the pontic design of dental bridges, the RPS provides various sizes of pre-

fabricated pontic wax-patterns, which consist of an interconnecting bar network. This 

greatly reduces the amount of metal used in the pontic substructure, while improving its 

residual stress distribution. Figure 1.3 indicates that several shrinkage cores can be found 

in the conventional bulky pontic design while only a single shrinkage core was found in 

the RPS pontic.  

 

Figure 1.3 (a) Conventional pontic with many shrinkage cores. (b) RPS pontic with 

a single shrinkage core [64]. 



 

17 

 

The wrinkled substructural design proposed by Sgro [64] uses several metal 

shoulders both on the buccal and lingual surfaces (Figure 1.4). These shoulders also 

create the concavity on the axial surface that can strengthen the veneering porcelain by 

introducing residual compressive stresses to it following firing of the porcelain, if an 

alloy with a slightly higher coefficient of thermal expansion than that of the porcelain is 

used.  

 

Figure 1.4 The wrinkled substructural design proposed by Sgro [64]. 

For better esthetics, the metal margins of PFM restorations are usually placed 

under the gingival margin; however, this sometimes results in the discoloration of 

gingival tissues [65], if base metal material is used. Although a metal-free margin, which 

has a stiffer porcelain material around it, has been proposed, the marginal discrepancy 

due to porcelain shrinkage after firing cannot be easily controlled [66]. Gingival 

recession with age or marginal porcelain chipping exposes the metal underneath, which 

compromises patients’ esthetics [67].  

Because of the great increase in precious metals’ price over the last few years, 

PFM restorations have lost their financial advantage except those using base metal alloys. 
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The manufacture of PFM restorations also requires the consideration of many variables, 

including the matching of metal and porcelain thermal expansion coefficients, the 

porcelain condensation techniques, the selection of bonding agents, the type of furnace, 

and the temperature or heating curves used for each firing step. Without these 

complications, all-ceramic restorations made with CAD/CAM systems are rapidly 

increasing their market share. 
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1.3.2 All-ceramic systems 

 Due to the photo-permeability of porcelain, PFM restorations can appear grayish 

if the porcelain is not applied properly to mask the metal. To better mimic the tooth’s 

appearance, zirconia, which has a tooth-like color and excellent mechanical strength, was 

introduced in the 1990s as a substructural material. In addition to the excellent esthetics, 

current all-ceramic systems hold several other advantages, including excellent tissue 

response, color stability, high wear resistance, similar surface texture to the natural teeth, 

and low thermal conductivity. 

All-ceramic dental restorations have been used for more than a century. The very 

first all-ceramic dental crown, also known as porcelain jacket crown (PJC), was proposed 

by Land, and was granted a patent in 1887 [68]. The detailed laboratory procedures for 

fabricating PJC were later revealed by Spaulding in 1904 [69]; however, the PJC did not 

receive wide acceptance due to its high fracture rate. Because they were easy to make at 

the chairside, tooth-colored, resin-veneered metal restorations were leading the market of 

dental prosthesis until the late 1950s. In the mid-1960s, McLean introduced alumina-

reinforced porcelain [70], which used a porcelain containing approximately 50% alumina 

oxides (Al2O3) as the substructure. The flexural strength of the alumina-reinforced 

porcelain was thus increased to 180 MPa, twice as high as the original ceramic. About 

two decades later, a leucite-containing porcelain frit for the PFM system was introduced 

to tailor the coefficient of thermal expansion of the porcelain so that a good match with 

that of the metal could be achieved [71-73]. Since then, ceramic restorations gained 

acceptance from dental professionals and patients. During the last two decades, several 
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substructural materials of high mechanical strength were developed, including high 

(>95%) alumina-containing ceramic, magnesium aluminate spinel, lithium disilicate, 

glass-infiltrated zirconia-toughened alumina (ZTA), magnesium partially stabilized 

zirconia (Mg-PSZ) and 3 mol% yttrium partially stabilized tetragonal zirconia polycrystal 

(3Y-TZP).  

There are three crystallographic phases of zirconia associated with temperature 

change: the monoclinic phase (from room temperature to 1175°C), the tetragonal phase 

(from 1175 to 2370°C) and the cubic phase (from 2370 to 2750°C). By adding stabilizing 

oxides such as calcium oxide (CaO), Ceria (CeO2), magnesia (MgO) or yttria (Y2O3) into 

zirconia, its tetragonal phase that normally appears at 1170 °C - 2370 °C can be retained 

in a metastable condition at room temperature. These partially-stabilized tetragonal 

zirconia transform to the more stable monoclinic phase with approximately 4% 

volumetric expansion that prevents crack propagation by compressing the crack tip [74, 

75]. This so-called transformation toughening process can greatly enhance the 

mechanical strength and toughness of zirconia. In comparison with the dental ceramic of 

high alumina content, the flexural strength of zirconia is about twice as high. Because of 

its simple manufacturing protocol, great mechanical performance, and satisfactory tooth-

shade matching, zirconia-based restorations make up the majority of all-ceramic dental 

restoration fabricated. 

According to their manufacturing processes, modern all-ceramic systems can be 

classified as: (1) pressable/castable and (2) machinable ceramic systems. The 

pressable/castable ceramic systems require specialized equipment and complicated 
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fabrication processes. In addition, due to their lower mechanical strength, their indication 

is limited to veneers, inlays, onlays or single crowns. Studies have shown that posterior 

restorations fabricated with pressable/castable ceramics have a higher fracture rate [76]. 

Machinable ceramic systems, in conjunction with modern CAD/CAM technology, used a 

similar layering technique for veneering as does the conventional PFM; however, with a 

more predictable outcome. They can be used not only for single unit restorations but also 

for multiple unit posterior bridges.  

The zirconia block can be milled before or after sintering. Milling pre-sintered 

zirconia block (soft-machining) can significantly save manufacturing time and reduce 

damage to the milling burs. An additional requirement for milling pre-sintered zirconia 

block, which can be easily done using CAD/CAM, is that the dimensions of the 

substructure have to be enlarged by about 20-25% to compensate for the sintering 

shrinkage [77]. Several studies have shown that all-ceramic restorations fabricated from 

pre-sintered zirconia blocks have relatively lower marginal discrepancy than those from 

fully sintered zirconia blocks [78-81]. This is because milling fully-sintered zirconia 

blocks requires the use of coarse diamond burs which could cause chipping of the margin. 

Due to the efficiency and accuracy provided by CAD/CAM, soft-machining has become 

the standard protocol for fabricating zirconia-based all-ceramic restorations. 

The amount of tooth reduction for an all-ceramic crown is about 1.5-2 mm to 

allow enough space for the zirconia and the veneering porcelain. The marginal design for 

the all-ceramic crown has moved from the 90-degree shoulder to a rounded chamfer to 

avoid sharp line angles. With sufficient tooth preparation and a proper marginal design, 
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the rest of the designing process, including determining anatomical contour and the 

occlusal contact, can be done using CAD/CAM software. 

Similar to PFM restorations, zirconia-based FPDs can fracture at the occlusal 

contact points or connectors [82-86]. Several papers have suggested that the cross-

sectional area of the 3-unit ziconia-based restoration’s connector should be wider than 9 

mm2 to improve its mechanical performance [83, 86-90]. This requires a larger amount of 

tooth reduction than does the PFM restoration. From the standpoint of minimal 

intervention, therefore, a stronger connector design without increasing its cross-sectional 

dimensions is required for the all-ceramic restoration.  

Clinical studies have shown that the most common type of failure among 

zirconia-based crowns is chipping or cracking within the veneering porcelain layer [89, 

91-102]. In addressing this problem, most of the recent research concentrated on 

improving the veneering porcelain [103-105], veneering technique [100, 103-111], core 

design [106, 110], or fabrication protocol [109, 111]. An “overpressing technique” which 

combined the pressable and machinable ceramic systems was introduced to reduce veneer 

chipping [100, 104]. The restorations made by this technique reduced chipping in 

laboratory tests and clinically [100], and the final fracture strength remained similar with 

the other ceramic systems. Another material layout that combines two machinable 

ceramic materials: lithium disilicate and zirconia, significantly enhances the fracture 

strength of the restoration [104].  

In summary, current CAD/CAM technology can help dental technicians obtain 

zirconia substructures for all-ceramic systems very efficiently and accurately. However, 
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restoration fracture and chipping in the porcelain layer remain major problems with this 

type of restoration. To improve their mechanical performance, alternative design 

solutions need to be investigated. 
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1.3.3 Fiber-reinforced composite (FRC) systems 

FRC materials have long been used in industry for constructing various types of 

vehicles such as yachts or recreational vehicles due to their light weight and excellent 

mechanical properties. FRC was first used in dentistry for the reinforcement of acrylic-

based complete dentures in the late 1960s [112, 113]. Today, FRC materials are widely 

used in endodontic post systems and FPDs. Compared to PFM or all-ceramic restorations, 

the amount of tooth reduction for FRC restorations is expected to be smaller. Most glass 

fibers of modern FRC systems are pre-impregnated with resin so that the fiber 

substructure can chemically bond to the veneering resin matrix. In contrast, conventional 

resin-veneered metal prostheses usually require mechanical retention of the veneer from 

their metal substructure. Because resin materials can be directly manipulated by dentists, 

a FRC restoration for single tooth replacement can be fabricated chairside during an 

hour-long appointment. In comparison with their PFM counterpart, the cost for the FRC 

restoration is about 50% lower. In addition to being minimally invasive, and time- and 

cost-effective, FRC restorations are also tooth-colored, making them an attractive 

treatment option for replacing the single missing tooth. 

The fibers of modern FRC systems are made of glass or polyethylene. Glass fibers 

possess higher tensile and flexural strengths than those made of polyethylene. Carbon 

fibers are the stiffest, but because they lack translucency they are mainly used for making 

endodontic posts. The diameter of the fibers used in dentistry ranges from seven to ten 

microns. The architectural arrangement of the fibers can be braided, woven or 
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unidirectional. Studies have shown that unidirectional fibers, i.e. those that are oriented in 

parallel with each other, demonstrated better mechanical performance.  

As a substructural material, fibers behave differently from the metal alloys used in 

PFM restorations and the zirconia used in all-ceramic restorations. Given that all the 

ingredients are well mixed during the ingot or block preparation, the material distribution 

of metal alloys or zirconia should be uniform, homogenous and isotropic, i.e. their 

mechanical properties are usually non-directional. On the other hand, fiber-reinforced 

structures usually behave anisotropically; in other words, their mechanical strength varies 

depending on the direction of load with respect to the direction of the fibers. The elastic 

modulus in the longitudinal direction is usually several times higher than that in the 

transverse direction. Because of this anisotropic characteristic, the direction of the 

occlusal load or the state of the local stress is a very critical factor when deciding where 

to place the fiber substructure within the restoration. Fiber substructures for FPDs, 

however, are usually designed as straight beams without taking the local stress 

distribution into consideration. 

In a systematic review of FRC FPDs, their mean survival rate was found to be 

73.4% at 4.5 years [114]. The main failure mode was documented as delamination at the 

interface between the fibers and the resin matrix [115-119]. Fractures also occurred at the 

loading point [117, 118, 120], the pontic, and the connectors linking the pontic to the 

abutments [121-123]. 
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1.4 Clinical challenges and short comings of current treatment options 

Although a single missing tooth can be restored with a dental implant without 

compromising the healthy neighboring teeth, it is not a perfect treatment option that is 

suitable for everyone. Individuals who are willing to replace their missing teeth with 

dental implants may not have sufficient bone volume. Long-term edentulism usually 

results in a certain degree of alveolar bone loss. Before placing the dental implant, 

therefore, patients with significant bone loss may have to receive bone augmentation to 

ensure adequate volume of alveolar bone, both horizontally and vertically. Even if 

sufficient bone tissues have been established, the inherent anatomy of the jaws and the 

oblique load paths of opposing dentitions can still complicate the placement of dental 

implants, especially in the maxillary anterior region where bone volume is much smaller. 

The implant may have to be inserted at an angle that can maximize initial bone 

attachment and, hence, stability. Several studies have indicated that the insertion angle of 

a dental implant plays an important role in the long-term prognosis of the treatment, 

especially for the maxillary anterior region. The overall shape and dimensions of the 

implant also seem to play a role.  

With increasing patient demand for esthetics, all-ceramic or FRC systems are 

being used more frequently for fabricating FPDs. Similar to conventional metal-ceramic 

restorations, a significant disadvantage of modern all-ceramic applications is that, due to 

their brittle nature, larger dimensions of the restoration, and thus more tooth tissue 

removal is required, which significantly limits their clinical application [121, 124]. In 

addition, these layered ceramic restorations share a common pitfall in that the veneering 
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material can fracture or chip easily. To expand the clinical applicability of the all-ceramic 

system, a material layout that provides better mechanical performance has to be designed.  

The more recently developed FRC system for FPDs has the major advantages of 

being minimally invasive, and time- and cost- effective, while providing metal-free 

prosthetic reconstruction with excellent esthetics; therefore, FRC FPDs have received 

increasing attention from dentists and dental technicians. As mentioned previously, 

current designs of FRC bridges do not provide an adequate lifespan. Despite great 

advances in the development of stronger FRC materials, failures such as interfacial 

delamination, localized material chipping and even catastrophic fracture still occur with 

FRC FPDs.  
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1.5 Approaches 

 From the above discussions, we know that the material layouts of dental 

prostheses have a great impact on the stress distribution within them. Most dental 

prostheses have a composite structure: a reinforcing component and an esthetic veneer. 

This type of material layout can be found in many commonly-used restorations such as 

PFM fixed prostheses, FRC systems and zirconia-based all-ceramic restorations. Due to 

the mismatch of elastic modulus at the interfaces between the components, a 

discontinuous or even singular stress distribution usually arises. This often leads to the 

breakdown of the interface in the form of debonding or delamination. Yet, our teeth, 

which have to sustain a high mechanical load in performing the daily chewing function 

and which also have a mismatch in Young’s modulus between the dentin and enamel 

layers, do not fail as frequently. It has been pointed out that the high fracture strength of 

natural teeth is due to the heterogeneity and anisotropy of the tooth structure that help 

distribute the stress more uniformly; therefore, the relationship between the structures of 

a tooth and the stress distribution within it needs to be analyzed in more detail (Chapter 5 

and 8). The rationale for these natural designs would provide some useful guiding 

principles for designing better restorations (Chapter 6 and 9).  

More broadly speaking, placing a stiff dental implant of titanium into the softer 

alveolar bone can also be considered as a special case of constructing a composite 

structure with components of very different mechanical properties. Altering the insertion 

angle of the dental implant, and hence, the material distribution within this composite 

structure, and the angle of loading would lead to different stress distributions in the 

alveolar bone. Important lessons can be learned, and better implant designs and 
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placement procedures can be derived, by studying the shape and inclination of natural 

teeth and their mechanical interaction with the surrounding bone under occlusal loads 

(Chapter 3). In this project, the finite element (FE) method was used to investigate the 

effect of material heterogeneity (Chapter 5) and anisotropy (Chapter 8) on the stress 

distribution within natural teeth. The same method was used to study the effect of implant 

insertion angle on the alveolar bone stress (Chapter 4). 

In addition to the strength of the materials used, the mechanical performance of 

FRC restorations also depends on the layout of the constituent materials in relation to the 

load paths through the structure. Several FE analyses of posterior 3-unit FRC bridges 

indicated the presence of tensile stress concentrations at the bottom of the pontic and in 

the connector regions [125-128]. According to these results, inadequate fiber 

reinforcement in these regions will lead to clinical failure. Many studies using 

mechanical testing have been carried out to search for optimal fiber position and 

orientation for the specific FRC system under consideration [129-133]. Such a load-to-

failure approach without the proper use of engineering design principles has several 

drawbacks: for example, high material expenses and time-consuming specimen 

preparation. Instead, advanced structural optimization techniques, based on numerical 

stress analysis, should be considered for obtaining optimal designs of dental prostheses. 

Important lessons can be learned and better restoration designs can be derived by 

studying the material properties and layouts of natural teeth, which are composed of 

functionally-graded and directionally-reinforced materials arranged in a highly efficient 

and effective manner. 



 

30 

 

The present project also used structural optimization that was run within a FE 

structural stress analysis to derive alternative designs for some of the dental prosthesis. 

This was achieved by using an optimization subroutine, Stress-induced Material 

Transformation (SMT), that could update the material properties interactively according 

to changes in the local stress distribution. Its iterative process gradually reinforces the 

regions of high tensile stresses that can cause dental prosthesis failure with a stronger 

material. This subroutine was used to seek an alternative design for the FRC substructure 

with a more efficient spatial arrangement of the fibers. The detailed procedures of the 

SMT technique are described in Chapter 9. 

The mechanical performances of the optimized designs were then evaluated by in 

vitro tests using several examination techniques (Chapter 7 and 10). The load-

displacement curves helped understand the mechanical behavior of the specimens before 

the final catastrophic failure. Acoustic emission (AE) measurement recorded in real time 

and with high sensitivity micro-cracking events of fracture during the mechanical tests. 

Briefly, AE is a high-frequency elastic wave produced as a result of a sudden release of 

strain energy within a material following a structural change such as cracking. The 

released strain energy causes transient sound waves that propagate through the material 

or structure. An AE sensor can be used to detect these sound waves so that cracking of 

the material or structure can be evaluated [134-137]. An AE system comprises three main 

parts: a signal sensor, a preamplifier and a recording device. AE signals collected by the 

AE sensors during loading are amplified with a proper gain before their amplitudes, 

frequencies and durations are recorded and displayed. AE measurement has been 

performed in investigations of the fracture behavior of dental materials [138-141]. Micro-
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CT scanning was used to visualize the cracks in 3D after the mechanical test without 

destroying the specimens. 
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1.6 Hypotheses and specific aims of the study 

The purpose of this research was to explore various inherent structural features of 

a natural tooth that enable it to perform its mechanical functions effectively, and then to 

apply the principles and techniques inspired by these investigations to the design of 

prostheses for replacing a single missing tooth. The biomechanical analysis of the natural 

tooth was performed on both a macroscopic (overall shape as determined by its anatomy) 

and a microscopic (effect of microstructures on bulk material properties and their 

distribution) scale. The nature-inspired design guidelines were then implemented within a 

FE framework for optimizing dental prostheses designs. Finally, the mechanical 

performances of the optimal designs derived from the numerical models were validated 

with in vitro tests. 

Hypothesis 1: The orientation of a natural tooth within the surrounding bone tissues and 

the material properties and their distribution within the tooth itself are optimized to help 

distribute the stresses created by the occlusal load more uniformly. 

Specific Aims for Hypothesis 1: 

 Specific Aim 1: To evaluate the stress distributions of a maxillary central incisor and 

its surrounding bone with different tooth inclinations (Chapter 3).  

 Specific Aim 2: To investigate the influence of a graded material distribution on the 

stress distribution in a natural tooth (Chapter 5).  

 Specific Aim 3: To study the effect of anisotropy of human enamel due to directional 

enamel rod orientations on the stress distribution (Chapter 8). 
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Hypothesis 2: Nature-inspired, computer-aided structural optimization methods can help 

design esthetic dental prostheses with better mechanical performance. 

Specific Aims for Hypothesis 2: 

 Specific Aim 4: To determine the proper angulation for the installation of dental 

implants in the maxillary anterior edentulous region (Chapter 4).  

 Specific Aim 5: To obtain an optimal material layout for the all-ceramic dental crown 

inspired by the graded material distribution in natural teeth (Chapter 6).  

 Specific Aim 6: To implement a user-defined subroutine for unidirectional FRC 

within the ABAQUS FE suite and to apply it to obtain optimal material layouts for 

FRC restorations (Chapter 9).  

Hypothesis 3: Dental restorations derived from the optimization exercise perform better 

than the conventional designs. 

Specific Aims for Hypothesis 3: 

 Specific Aim 7: To perform in vitro validation of the optimized design of fiber-

reinforced composite bridges (Chapter 7). 

 Specific Aim 8: To perform in vitro validation of the optimized design of an all-

ceramic crown (Chapter 10). 
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Chapter 2 Shape Optimization 

2.1 Multi-scale designs in natural teeth 

Through evolution, several inherent structural arrangements of animal teeth and 

their surrounding tissues have been optimized for functional purposes. The structures and 

functions of vertebral dentition and jaws gradually became adapted for their dietary needs. 

For example, herbivores have cuspless teeth with a horizontal jaw movement for grinding 

grasses. On the other hand, carnivores usually have very sharp cusp tips for tearing flesh, 

and their vertical jaw movements are specialized for cutting foods efficiently. Humans 

are omnivores, so in order to process food with a wide range of physical properties, such 

as texture, hardness and toughness, several ingenious and sophisticated designs exist in 

our oral cavity, and they occur at many different scales. This chapter will first discuss 

several examples of the optimized structures of natural teeth at various scales, and then 

review the approaches inspired by some of these natural arrangements that have been 

applied for the optimization of manmade structures.  

The biggest scale on which the masticatory system works is related to occlusion. 

The main function of the masticatory system is to process a big chunk of food into small 

pieces for the digestive system.  Occlusion defines the relationship between the maxillary 

and mandibular dentition when they are in motion and in contact, and is controlled by the 

spatial arrangement of the teeth within the dental arches. It is still not well understood 

how the cusps are moved into appropriate positions after tooth eruption. Nevertheless, it 

is clear that posterior teeth, including premolars and molars, guide the motions of the 

dentition when they come into contact and provide stability in jaw closure. If individuals 
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lose posterior support, the so-called posterior bite collapse [142], a series of pathological 

tooth migrations, would occur. The remaining dentition would not be able to withstand 

the occlusal force at the normal level, and flare-out of anterior teeth and the loss of 

vertical dimension may occur subsequently. Another important anatomical feature, the 

inclination of anterior teeth, plays an important role in guiding the protrusive and lateral 

jaw movements, and defines the parameter of overbite and overjet. Developmental 

factors such as excessive growth of jaw bone, developmental discrepancy, and 

insufficient space in the dental arch will result in different levels of malocclusion. 

Therefore, to reestablish a functional occlusal scheme for patients during surgical or 

restorative procedures, the inherent design of occlusion, specifically the relationship 

between the form and function of the dental arch, needs to be considered. 

As mentioned previously, the shapes of the teeth are specialized for the functional 

demands. For example, the incisal edge of the maxillary incisor acts as a sharp knife for 

chopping food. Canines possess the sharpest cusp tip for tearing, and their root, the 

longest in the oral cavity, also provides the stability and resistance against the lateral load. 

Molars and their opposing cusps, which work as the mortar and pestle, are responsible for 

comminuting food into swallowable particles.  

The material distribution of the tooth is also optimized for the functional demands. 

Enamel, the outermost layer of the tooth, is the hardest material in the human body. It can 

provide excellent wear resistance to the tooth, and help it sustain high occlusal loads, up 

to 700 N. Its highly mineralized structure also protects the dentin and pulpal tissues from 

chemical or thermal challenges. Underneath the enamel, the dentin, with a lower elastic 
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modulus and higher water content, can act as a buffer against mechanical impact. 

Additionally, it has been reported that the elastic modulus and mechanical strength of 

dentin increase significantly from the cervical to the apical region, where the stress is 

highly concentrated [143]. A parallel example can be found in the surrounding osseous 

tissues. Cortical bone is about ten times stiffer and stronger than cancellous bone [144]. 

In this manner, bone can achieve the required mechanical property while minimizing the 

total weight of the human skeletal system by having the stiffer cortical bone on the 

outside, and the more porous cancellous bone on the inside.  

Furthermore, many researchers have suggested that the material distribution in the 

tooth structure follows a spatial gradient on a microscopic scale. A study using 

fluoroscopic X-ray microscopic image analysis and micro-indentation test revealed a 

correspondence between the gradients of the hardness/elastic modulus and the degree of 

mineralization [143]. Recently, a more detailed mapping of the material properties, done 

by nano-indentation, confirmed the graded material distribution in the tooth structure 

[145]. A functionally graded material distribution can help reduce stress concentration so 

as to achieve a uniform stress distribution throughout the structure. Thus, a graded 

distribution in elastic modulus can prevent the formation of hertzian cracks under 

concentrated loads in brittle materials such as enamel [146]. According to the results 

from numerical simulations [147-149], high stress concentration was found in the enamel, 

especially associated with fissures, groves or fossae between the cusps. These highly-

stressed areas are usually present in dental restorations; therefore, to enhance the 

endurance of dental restorations, the potential benefits of using a graded material 

distribution in their design should be explored. 
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The orientations of the enamel rods within the tooth and the arrangement of the 

hydroxyapatite crystals within these rods also seem to be optimized for the functional 

demands. The orientations of the enamel rods, which are perpendicular to the outer 

surface, gradually change from vertical at the occlusal third to horizontal at the cervical 

third [150] (Figure 2.1a). Such an arrangement makes enamel behave anisotropically. As 

such, the occlusal load can be transferred more effectively into the underlying dentin, 

which has higher fracture toughness than enamel. Studies using the nanoindentation test 

at different spots with different enamel rod orientations indicated that the mechanical 

properties are fundamentally altered by the rod orientation and their topological 

distribution [145]. The friction and wear of human teeth, for example, vary significantly, 

depending on the orientation of the enamel rods, which in turn depends on the topological 

area of the tooth. In a previous study, wear tests of 5000 cycles with a vertical force of 

20N and frequency of 2Hz were conducted on different portions of a tooth (Figure 2.2A). 

A lower coefficient of friction (Figure 2.2B) and  higher wear resistance (Figure 2.2C) 

was found in the enamel of the occlusal region [151]. This phenomenon can also be 

observed in dentin, where the friction and wear behavior are also determined by the 

orientation of the dentinal tubule [152]. At an even lower scale, the orientation of the 

hydroxyapatite crystals has been found to vary within each enamel rod. In the central 

region of the rod, they are oriented parallel to the longitudinal axis of the rod, while those 

near the edge of the rods are oriented at 45⁰ [153] (Figure 2.1b). The oblique crystal 

orientation in the peripheral region of the rod results in lower across-prism elastic 

modulus [154]. It has been shown that the lower across-prism elastic modulus, which is 
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close to the elastic modulus of dentin, helps reduce the interfacial shear stress across the 

dentin-enamel junction [155]. 

 

Figure 2.1 (a) Orientations of the enamel rods and dentinal tubules in the tooth 

structure. (b) Schematic diagram of hydroxyapatite crystal orientations, as 

indicated by the arrows, in different regions within the enamel rod.  

The most important requirement for a dental prosthesis is to properly rehabilitate 

damaged teeth and/or replace missing teeth. In addition to restoring the chewing function, 

a successful dental prosthesis often has to satisfy other requirements. First, it has to 

possess the correct anatomical contour, which is essential not only for reestablishing a 

stable occlusion but also for speech purposes. Second, the restorative materials used must 

be compatible with the surrounding biological tissues, and their physical and mechanical 

properties must also ensure their own durability and longevity. Third, its color must 

match the neighboring teeth to meet the patient’s esthetic demand. To satisfy the last 

requirement, tooth-colored ceramics and fiber-reinforced composites with anisotropic 

properties are increasingly being used for the manufacture of dental restorations. 

However, their mechanical behaviors are very different from those of natural tooth 
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tissues. To better mimic the natural tooth’s ability to cope with the above oral challenges, 

it is important to better understand its inherent multi-scale structural designs and their 

relationships with its functions so that the same principles may be aptly applied to dental 

prostheses design. 

 

Figure 2.2 (A) (a) to (e) indicates different contact position for friction tests (B) 

Results of friction coefficient at different contact positions (C) the wear depth at 

different portion of the tooth [151]. 
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2.2 Review of approaches for shape optimization 

To optimize the mechanical performance of dental restoration, the layout of the 

constituent materials must be designed such that stresses resulting from the occlusal load 

can be favorably distributed throughout the structure. To date, there are no simple rules to 

guide the design process. Numerical simulation such as finite element (FE) analysis has 

been utilized to help improve the design of dental restoration by providing a better insight 

into the overall stress distribution [125-128, 156-159]. Although FE analysis can help 

researchers compare structural stress distributions among different designs, one often 

needs to modify the design and analyze the results repeatedly before arriving at a 

satisfactory solution. This “trial-and-error” process is very time-consuming, and it is 

often not possible to confirm if the final design is really optimal. To speed up the design 

process and to make it more effective, modern structural optimization techniques, which 

are widely used in designing engineering components and structures, can be used to 

design dental restorations.  

There are many different types of structural optimization techniques. Examples 

include the Variable Thickness Sheet model developed by Rossow and Taylor [160], the 

SHAPE method by Atrek [161, 162], the Evolutionary Structural Optimization (ESO) 

method developed by Xie and Steven [163] and Computer Aided Optimization (CAO) 

and the Soft Killed Option (SKO) developed at the Karlsruhe Research Center [164]. 

Amongst these optimization approaches, techniques that are inspired by the adaptive 

growth of biological structures have proved to be very effective in producing structures 

that are optimal in terms of the stress distribution. The principles behind some of these 
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methods are also very similar to the bone remodeling process that takes place in the 

human body everyday  

The Variable Thickness Sheet method [160] minimizes the structural compliance 

of a planar sheet for a given volume and in-plane load by changing the local thickness 

and shape of the sheet (Figure 2.3). The final shape of the sheet implied an optimal 

topology. Another similar approach, the SHAPE method [161, 162], is also based on 

dividing the optimization problem into several smaller sub-domains in terms of thickness 

or element volume, but it includes a technique of removing unnecessary elements from 

the structure. During the optimization process, the volumes of the elements are assigned 

either the original value or zero. In other words, this algorithm optimizes the structure by 

either keeping an element in the structure or removing it from the structure. The goal of 

the optimization is to minimize the volume of the structure and the resultant structure is 

able to satisfy the structural response (stresses or displacements) considered. The 

optimization result is evaluated by the following equations. 

𝑉𝑣 =
𝑉

𝐹𝑚𝑖𝑛
…………………………...……………………..…………………………..(2.1) 

𝐹𝑚𝑖𝑛 = min(
𝑅𝑗

𝑟𝑗
) j=1,…,n ……………………………..……………………………..(2.2) 

where Vv is the virtual volume, V is the current volume, Fmin is the most critical factor, Rj 

is the boundary limit of the structural response, rj is the jth structural response and n is the 

number of the considered structural responses. The virtual volume has to be smaller than 

the actual volume and a lower virtual volume always implies a better optimization. After 

each optimization step, a sensitivity analysis is also performed to determine if additional 
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elements need to be added back to the structure to avoid overt volume reduction. Unlike 

the Variable Thickness Sheet method, which can only consider planar sheets subjected to 

in-plane loads, the SHAPE method can deal with 3D structures, loadings and different 

constraints.  

 

Figure 2.3 (a) A planar sheet with loadings (b) an optimal design of 64% volume (c) 

an optimal design of 36% volume [165]. 

The Evolutionary Structural Optimization (ESO) method also attempts to reach an 

optimal design by removing unnecessary or inefficient materials/elements from a 

structure. Unlike the previous methods, the removal of the elements in the ESO method is 

determined by the their stress state. In general, the ESO method removes 

materials/elements with the lowest stress from the structure. Depending on the designing 

criterion, the type of stress used for structural optimization can be von Mises, tensile or 

compressive stresses. For example, for a structure designed mainly to sustain tension, the 

elements with the highest compressive stresses are deleted from it. The elements with 

lower tensile stresses can also be removed, if necessary. On the other hand, for a structure 

designed mainly to sustain compression, the elements with the highest tensile stresses are 

first deleted from the structure. The ESO method is run iteratively until all elements in 

the final structures are subjected to a similar level of stresses.  
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The ESO method needs to start with an “over engineered” structure from which 

the optimal design is deduced, and it only allows very small modification of the structure 

during each iteration. The high computational cost is, therefore, its critical weakness. As 

a result, the Bi-directional Evolutionary Structural Optimization (BESO) method was 

developed by adding the capability of growing material back to the structure where stress 

is highly concentrated. Unlike the very conservative initial sketch for the ESO method, 

the BESO method can start with a model with fewer elements that can support the load 

cases. By growing and deleting material simultaneously, the BESO method could 

generate a design with optimal stress distribution in reduced time. A recent study has 

shown that evolutionary methods such as the ESO method may result in a highly 

inefficient design due to its rejection criteria [166]. Figure 2.4 shows a simple topology 

optimization for maximizing the total compliance of a structure by altering its volume 

subject to a constraint that volume fraction cannot be lower than 40%. Because the ESO 

method will first delete the element of the least stress, the element closest to the roller at 

the top will be removed. It results in a structure (Figure 2.4b) of very high compliance but 

much heavier than another design (Figure 2.4c) that provides a compliance three times as 

high as the original design.  
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Figure 2.4 An example of topology optimization using the ESO method [166]: (a) the 

initial sketch; (b) topology obtained using the ESO method; and (c) an optimal 

solution of 60% volume reduction, Vf represents volume fraction and C represents 

structural compliance. 
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Another two evolutionary approaches, the CAO and SKO methods optimize a 

structure by simulating the biological growth of trees. The optimization process starts 

from a rough design draft with required boundary conditions. The SKO method is first 

used to obtain a draft of the structure with proper topology by removing the volume that 

does not bear any significant load to achieve a light-weight construction. The procedures 

of the SKO method are described as follows: 

1. Create a FE model with the geometry and perform a stress analysis with the 

same loading and boundary conditions as the practical scenario. 

2. The elastic moduli of the highly stressed elements are increased while those of 

the lowly stressed elements are reduced based on the following equation: 

∆E = 𝑘(𝜎𝑙𝑜𝑐𝑎𝑙 − 𝜎𝑟𝑒𝑓) ………………….………………………….. (2.3) 

where ΔE is the change in elastic modulus, k is a constant, σlocal is the stress of 

each element and σref is a reference stress, again related to the material’s 

strength.  

3. Step 2 will be run iteratively until no significant change is found in the 

structure. 

After obtaining a proper topology of the structure, The CAO method is then 

applied to perform fine shape adjustment of the structure. The first step of the CAO 

method is to perform a stress analysis on the initial design under the required loading 

condition. In the second step, the mechanical stress field obtained from the first step is 

transformed proportionally to a distribution of temperature and the mechanical loading is 
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removed from the model. The elements with high stresses, i.e. those with high 

temperatures, will then be expanded according to the following equation: 

∆𝑙 = 𝑙0 ∙ α ∙ (T − T𝑟𝑒𝑓) ……………………………………………………… (2.4) 

where l0 stands for the original size of the element, Δl is the change in element size, α is 

the coefficient of thermal expansion, T is the local temperature, Tref is a reference 

temperature usually related to the material’s strength. Just as trees grow by depositing 

new material on the surface of their bodies in response to increased loading, the 

coefficient of thermal expansion is only assigned to the elements on the outer layer of the 

structure. The stress and thermal analysis are repeated until convergence has been 

achieved.  

The combination of the CAO and SKO methods help engineers design more 

economical structures by removing inefficient material. Industrial applications of the 

CAO and SKO methods can be found in references 167 and 168.   

Based on the CAO and SKO methods, Shi [167] developed two user-defined 

subroutines, Stress-induced Volume Transformation (SVT) and Stress-induced Material 

Transformation (SMT), to integrate with the finite element software ABAQUS. The 

operating procedures of the SVT subroutine are very similar to the CAO method. A FE 

model of the draft geometry is first constructed and a layer of elements on the surface is 

allowed to grow or contract. Then, it uses an UTEMP subroutine to convert the 

mechanical stress field to a temperature field [168]. The FE mesh is modified according 

to the resulting thermal growth. This modification iterates until no significant change is 
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found in the geometry, indicating uniform stresses have been achieved in the growth 

layer. The SMT subroutine basically follows Eq. 2.3. Thus, instead of removing the 

materials/elements completely from the structure, it changes the material properties in 

response to the local stress. This implementation simulates the bone remodeling process 

whereby bone tissues change their densities to adapt to mechanical loads. By changing 

the orientation and magnitude of the elastic modulus along the major axis, it can also deal 

with materials with anisotropy. The SVT and SMT subroutines have been applied to the 

design of direct composite restoration, dental implants, and the 3-unit fiber reinforced 

composite bridge [169-171]. In this project, the SMT technique will be used to design the 

cavity preparation on the abutment tooth and to seek an optimal layout for the fiber 

substructure for the more challenging 2-unit cantilevered bridge.   
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Chapter 3 A study on the effect of a central incisor’s inclination angle 

on the stresses in the surrounding bone 

3.1 Background 

It was pointed out in Chapter 2 that the shape of human teeth is optimized for 

their positions and functions. For example, for a molar that works as a grinder, and hence, 

has to sustain very heavy occlusal loads (up to 800 N), its upright position helps to 

distribute the load to the surrounding bone uniformly. It has been found that molars with 

either innate or acquired tilts are highly likely to develop periodontal complications such 

as reduced alveolar bone height or deep periodontal pockets [172-174]. The tilt, therefore, 

needs to be corrected before any prosthetic treatment in order to ensure a successful 

outcome [175]. Another example is provided by the maxillary canines. These teeth are 

located at the corners of the dental arch, and they are supported by the zygomatic bone, 

which is the strongest bone of the human body. This excellent periodontal support allows 

the canine to sustain the more challenging lateral loads when tearing through tough 

foodstuffs. 

The incisors, with their blade-like shape, are located in the most anterior part of 

the dentition, and they are responsible for the first step of breaking down food: cutting. 

From a bio-mechanical viewpoint, an improper incisor inclination can be traumatic to the 

tooth structure and the surrounding tissues. Histological studies have shown that the 

biological responses of the periodontal ligaments and the surrounding bone are 

influenced by the stresses from the occlusal loads [176-179]. Bone resorption often 

occurs in zones under high compression, while bone regeneration takes place in the 

tensile zones; therefore, an improper incisor inclination can jeopardize the periodontal 
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tissues, including the gingival and alveolar bone attachment, by creating unfavorable 

stresses in them. 

In prosthetic dentistry, the incisor inclination is also a critical factor when 

designing a dental prosthesis to restore oral functions. To reestablish a proper anterior 

guidance that controls eccentric movement of the mandible [180], the problems of 

overbite and overjet need to be considered. Excessive overbite or overjet may result in 

abnormal eccentric mandibular movement that may induce severe temporomandibular 

joint disorder. If the inherent incisor inclination is not favorable, any adjustments to 

correct for overbite or overjet may result in an angulated dental crown. This will produce 

unfavorable stresses within the restoration and/or the tooth structure that may lead to 

early prosthesis failure.  

In addition to satisfying the biological and functional requirements, the inclination 

of the incisors is also of importance to the facial appearance. Smiling is a very useful tool 

for socializing in our daily life. People who smile with beautiful teeth have always been 

considered as more attractive and intelligent [181]. Thus, getting the right incisor 

inclination plays an important role in orthodontic treatment to establish an esthetic facial 

profile [182-184]. Not only do they determine the profile of a smile, the incisors also 

affect the soft tissues that form our facial characteristics. For example, protrusive incisors 

may lead to excessively prominent lips, which are considered unattractive [185]. 

Therefore, for esthetic consideration, it has been suggested that the incisal third of the 

buccal surface of the maxillary incisors should be parallel to the frontal plane of the face 

[186]. A problem with this recommendation is that the curvature of the maxillary incisor 

varies from person to person. Correcting the alignment of the incisors without carefully 
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looking into the actual inclinations of their roots may lead to unfavorable stress within 

them and the surrounding tissues, which can induce bone destruction or periodontal 

disease.  

To quantitatively assess the facial profile, cephalometrical analysis is widely used 

in orthodontic dentistry. This analysis is done by tracing important landmarks of the bone 

structures and soft tissues on a lateral cephalometrical radiographic image. The angular 

and linear measurements performed on these landmarks provide a quantitative assessment 

of the facial profile for orthodontic treatment planning. In particular, they establish the 

relationship between the Frankfort plane, the occlusal plane, and the incisor inclination 

[187, 188]. Values of these measurements for a normal person are slightly different 

among populations from different gender, age or ethnic groups. 

To determine the inclination of the maxillary incisor relative to the maxilla, three 

landmarks are used (Figure 3.1): 

 The long axis of the maxillary incisor (UI) 

 The nasion (N): the junction of the nasal and frontal bones at the most 

posterior point on the curvature of the bridge of the nose 

 The A-point: the most anterior point of the maxillary apical base 

The angle between the long axis of the maxillary incisor and a line connecting the 

nasion and the A-point, the N-A line, is used as a measure of the former’s inclination, and 

it indicates the level of protrusion. For a normal person, the average value of this angle is 

22º ± 6º.  
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It can be seen from the above discussion that the incisor inclination has been of 

interest to various dental specialties. The current trend of interdisciplinary dental 

treatment planning follows the sequence described below. Orthodontic treatment is first 

carried out to correct any tooth misalignment; then a dental prosthesis is used to 

reestablish the proper occlusion; and finally the periodontal health of the surrounding 

tissues is restored and maintained by the periodontist [189]. This demonstrates the 

importance and emphasis placed on tooth alignment in modern dental treatment. 

Investigation of the effect of tooth inclination on the biomechanical behavior of the tooth 

and its surrounding tissues under occlusal load is limited. Thus, the aim of this chapter is 

to evaluate the stress distribution of a maxillary central incisor with different inclination 

angles under occlusal load. The hypothesis is that the average value of incisor inclination 

is optimal for distributing the occlusal load within the tooth and surrounding tissues. 
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Figure 3.1 Diagram of anatomical landmarks for cephalometrical analysis. The 

angle (green arrow) between the long axis of the maxillary incisor (UI) and a line 

connecting the nasion and the A-point, the N-A line (red), is used as a measure of the 

former’s inclination.  
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3.2 Methods 

A two-dimensional finite element (FE) model of a human maxillary central 

incisor with a 10-mm out-of-plane thickness was constructed (Figure 3.2). The top of the 

bone region of the model was fully fixed, and a load of 200 N, the average bite force, was 

applied at the lingual surface of the crown. To investigate the effect of the incisor 

inclination on its stress distribution, the angle of the force with respect to the long axis of 

the incisor was altered incrementally. Thus, nineteen models with load angles (between 

the line of force and  the incisor’s long axis) ranging from 0⁰ to 90⁰ were generated using 

the software Hyperworks (Version 9.0 HyperWorks, Altair Engineering, Troy, MI, USA) 

and exported to ABAQUS (Version 6.9, Dassault Syetemes Simulia, Waltham, MA, 

USA) for stress analysis. It is assumed that the long axis of the mandibular incisor is in 

line with the N-A line, the load angle is equivalent to the incisor inclination described 

above (Figure 3.3). The mechanical properties used are listed in Table 3.1, with all 

materials being considered as linearly elastic, isotropic, and homogeneous. The model 

was meshed with quadrilateral and triangular plane-strain elements (CPE4I and CPE3 

[190]). Both the von Mises and the maximum principal stresses along a path that starts 

from the cervical line on the labial side and goes around the entire tooth surface were 

retrieved and plotted for each load angle for comparison. The stresses at the root portion 

of the tooth would be indicative of the stresses in the surrounding bone. 
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Table 3.1 The material properties used in the model of the maxillary central incisor 

Material Elastic modulus (GPa) Poisson’s ratio Ref. 

Enamel 84.1 0.3 [191] 

Dentin 18.6 0.31 [192] 

Cortical bone 13.7 0.3 [193] 

Cancellous bone 1.37 0.3 [193] 

Pulp 2.07x10-3 0.45 [194] 

Periodontal ligaments 6.89 x10-3 0.45 [195] 

 

Figure 3.2 The geometry of the FE model for the maxillary central incisor. 
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Figure 3.3 The long axis of the mandibular incisor was assumed to be in line with 

the N-A line so that the load angle is equivalent to the incisor inclination.  
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3.3 Results 

The von Mises stress distribution showed stress concentrations at the apex, labial 

root surface, labial coronal surface and in the cervical area (Figure 3.4). When the load 

angle was less than 50°, stresses around the apex and the labial root surface were low. 

With a larger load angle, the von Mises stress was also higher within the periodontal 

ligament. Figure 3.5 shows the stress distributions along the tooth surface with different 

load angles. The upper plots show the results in 3D with the stresses plotted against the 

two variables, while the lower plots have the stresses at all positions superimposed on 

each other to show the peak value for each load angle. When the load angle was less than 

50º, a sharp drop in stresses (both the von Mises and maximum principal stress) at the 

labial root surface could be seen (Figure 3.5). Considering the values at all positions, the 

peak von Mises stress was lowest when the load angle was about 30º; while the peak 

maximum principal stress was lowest when the load angle was about 20º.  
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Figure 3.4 Von Mises stress distribution within the tooth under loads at different 

load angles. 
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Figure 3.5 Stresses at the tooth surface under different load angles. Top: 3D plots of 

stresses as functions of position (mm) and load angle. Bottom: The same data sets 

but with the stresses at all positions superimposed on each other to show the peak 

value for each load angle. 
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3.4 Discussion and Conclusion 

This study provided a simple but excellent example of structural optimization in 

nature. The results indicated that the stress distributions around the tooth surface would 

be most biomechanically favorable when the inclination angle lied between 20º and 30º. 

This coincided with the clinically observed inclination of the maxillary central incisor for 

normal patients. With this inclination, the interference by the maxilla on the protrusive 

movement of the mandible can be minimized. Serendipitously, orthodontists have also 

suggested that an incisor inclination of around 30º will create the best smile profile.  

As mentioned previously, the incisor inclination is highly related to the 

periodontal health. In an early study [196], it was found that patients who had a severe 

overjet, i.e. more than 6 mm, experienced more periodontal destruction. Interestingly, 

among these patients with a severe overjet, if the inclination of their maxillary incisors 

was less than 100º to the SN plane, which is equivalent to an inclination angle of 20°, 

their periodontal conditions are healthier. This agrees with the FE results presented in 

Figure 3.5, which shows that the stresses around the root decrease with a decreasing load 

angle. A similar outcome was also found with the mandibular incisors: when their final 

inclination relative to the mandibular plane [197], a line connecting gonion to menton 

(gonion: most posterior inferior point on angle of mandible; menton: lower most point on 

the mandibular symphysis) was larger than 95º, which would produce a larger load angle, 

greater gingival recession resulted after orthodontic treatment [198]. A systematic review 

[199] evaluated the relationship between the traumatic dental injuries and the size of the 

overjet. It was concluded that the risk of anterior tooth trauma increased as the overjet 
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became larger, and children with an overjet larger than 3mm doubled their risk of anterior 

tooth trauma.   

The alveolar bones surrounding the incisors are very thin; they can resorb easily 

due to unfavorable stresses generated by the biting force. Unlike those of the premolars 

and molars, the occlusal loads of the incisors are oblique in direction, which results in 

high stress concentration around the alveolar crest, the thinnest part of the surrounding 

bone, next to the cervical region of the incisors. The present study shows that altering the 

inclination of the incisors from the normal angle could significantly raise the stress level 

within the bone. This also implies that the insertion angle of dental implants in the 

anterior maxilla needs to be carefully planned, especially in cases where bone resorption 

following tooth extraction requires the implant to be inserted in a non-ideal angle. Also, 

given that the material properties and shapes of dental implants are very different from 

those of human teeth, the ideal inclination of the latter may not necessarily apply to the 

former. In the next chapter, we will look at the effect of the inclination angle on the stress 

distribution along the surface of a tilted implant placed in a compromised anterior maxilla. 
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Chapter 4 The influence of the insertion angle of anterior dental 

implants with an angulated abutment on the stress distribution within 

the surrounding bone  

4.1 Background 

Traumatic injury and congenitally missing teeth are two main reasons for missing 

incisors. Treatment options for tooth replacement include conventional or resin-bonded 

fixed partial dentures, removable partial dentures, orthodontic treatment, which displaces 

the neighboring canines to close the edentulous space, and single-tooth implants [200]. 

Removable or fixed partial dentures usually bring inconveniences to a patient’s daily life 

in the form of additional oral hygiene upkeep. Orthodontic treatment could be a good 

option as it eliminates the need to install prosthesis; however, the shape of the canine may 

compromise anterior occlusion and esthetics. Thus, single-tooth implants are increasingly 

being used to replace missing incisors. 

For implant surgery in the anterior maxilla region, the limited quantity and quality 

of alveolar bone can significantly affect the clinical outcome. The buccal bone plates of 

the anterior maxilla are the thinnest among all alveolar bony structures, and they can 

resorb quite easily after tooth extraction. Resorption of the anterior maxilla results in a 

concavity on the labial side and a very narrow edentulous ridge (Figure 4.1), which 

makes conventional upright implant placement impossible. Bone augmentation is 

required to regain enough bone volume for upright implant insertion. For the cases where 

bone augmentation cannot be carried out, the implant may have to be inserted at a less 

than ideal angle, and an angulated abutment has to be used to achieve the right occlusion. 
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Figure 4.1 A large concavity on the labial side of the anterior maxilla [201], making 

it impossible to insert an implant at the optimal angle. 

The influence of angulated abutments on the clinical prognosis of dental implant 

treatment remains unclear. A meta-analysis [202] has shown that the clinical success rate 

between tilted and upright implants was not significantly different in either the 

prospective or retrospective studies examined. The level of marginal bone loss around the 

tilted and upright implants seemed to be very similar, about 0.9 mm on average over a 5-

year observation period. A more recent study, which examined fifty-eight subjects who 

had received tilted implants with delayed loading, also found no correlation between 

implant angulation and marginal bone loss [203]. Marginal bone loss was only related to 

the length of the follow-up period, regardless of the type of abutment. The rate of bone 

resorption associated with tilted implants increased by 0.035 mm for every additional 
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month of follow-up time. Nevertheless, they did not find any signs of significant 

marginal bone loss during 36 months of observation.  

Several studies using the finite element (FE) method have investigated the 

influence of angulated abutments on the stress distribution within the implant-

surrounding bone [204-213]. Implants in both the maxilla [205-208, 210, 212, 213] and 

the mandible [204, 209, 211] have been considered. These FE studies indicate that the 

use of angulated abutments may not always be harmful, which may explain the 

inconclusive clinical findings. For example, while higher strain within the cortical bone 

was found when angulated abutments were used in the posterior maxilla [213], the 

opposite was true when they were used in the anterior maxilla [207]. In another study 

[204], the use of an angulated abutment was able to reduce the stress within the 

mandibular bone surrounding a tilted implant. These studies indicate that the ideal tooth 

inclination, as found in the previous chapter, may not apply to dental implants. Therefore, 

both the anatomy of the surrounding bone and the insertion angle of the implant have to 

be taken into account when angulated abutments are planned. If the combination of a 

tilted implant and an angulated abutment give rise to damaging stresses, bone 

augmentation will need to be considered.  

In most of the biomechanical studies involving the maxilla mentioned above 

[205-207], the numerical model used was not fully representative of the clinical scenario. 

In those studies, the dental implant was inserted at an optimal angle within a healthy bone 

structure and the influence of an angulated abutment on the bone stresses was studied by 

altering the angle of the abutment relative to the implant. The clinical scenario is actually 
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very different. The abutment has to be placed at a specific position and at a certain angle 

so as not to interfere with the existing occlusion and to provide satisfying esthetics. But 

due to compromised bone volume and geometry, the implant insertion angle could be far 

from ideal. In this case, the effect of the angulated abutment on the bone stresses could be 

more significant. 

In this chapter, a dental implant with various insertion angles for restoring the 

maxillary incisor in compromised bone was modelled using the FE method. An angulated 

abutment was used such that the inclination of the prosthetic crown remained constant to 

the maxilla. In addition, the thickness of the cortical bone of the maxilla was varied to 

study the influence of different bone quality on the stress distribution. The thickness of 

the cortical bone simulated in the present study was comparable to that found in the 

human cadaver [214]. According to Misch’s classification of bone type [37], the anterior 

maxilla usually consists of the D3- and D4-type bones, which are primarily composed of 

porous cancellous bone and a thin cortical layer. The difference between D3- and D4-

type bones is in the thickness of the cortical layer. The cortical layer of D3-type bone is 

~1-mm thick, while that of D4-type bone is very thin or even absent. 

It has to be emphasized again that the success of a dental restoration depends on 

how the constituent materials are arranged spatially. More broadly speaking, the optimal 

insertion angle of a dental implant is equivalent to arranging the titanium material and 

osseous tissues within the jaw bone in an optimal way. This study hypothesized that the 

implant inserted at the same angle as the long axis of natural incisor with non-angulated 

abutments can have better stress distribution with the implant and surrounding bone. 



 

65 

 

4.2 Methods 

The two-dimensional FE model for the dental implant used in this study was 

based on the geometry of the NobelReplace® Tapered, and its corresponding abutment 

(Nobel Biocare®, Yorba Linda, CA, USA). For simplicity, the threads on the implant were 

not modelled. The geometry of the maxilla was extracted from the sagittal view of a set 

of clinical cone beam computed tomography images from a patient who had a resorbed 

alveolar ridge. The top of the maxilla in the model was fully fixed, and an oblique load, 

30º with respect to the vertical, of 200 N was applied at the lingual surface of the crown 

(Figure 4.2). To investigate the effect of the implant insertion angle on the stress 

distributions, three different insertion angles of the dental implant were modelled (Figure 

4.3). These included the regular angle, i.e., in line with the main axis of the alveolar 

ridge, 15º clockwise from the regular angle and 15º counter-clockwise from the regular 

angle. The crown remained in line with the maxilla for all the cases. In addition, two 

different thicknesses of the cortical bone, 0.5 mm and 1.0 mm, were modelled. Thus, six 

models were generated using the software Hyperworks (Version 9.0 HyperWorks, Altair 

Engineering, Troy, MI, USA) and exported to ABAQUS (Version 6.9, Dassault Syetemes 

Simulia, Waltham, MA, USA) for stress analysis.  

The mechanical properties used are listed in Table 4.1, with all materials being 

considered as linearly elastic, isotropic, and homogeneous. The model was meshed with 

triangular and quadrilateral plane-strain elements (CPE3 and CPE4 [190]). An out-of-

plane thickness of 10 mm was assumed. The maximum principal and von Mises stresses 

were retrieved along the entire implant surface, starting from the neck of the labial side 
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and ending at the neck of the lingual side, and plotted for each insertion angle for 

comparison. 

 

Figure 4.2 Diagram of the FE model showing the implant components and the 

surrounding bone  

 

Table 4.1 The material properties used in the FE models 

Material Elastic modulus (GPa) Poisson’s ratio Ref. 

Titanium (Ti–6Al–4V) 110 0.3 [215] 

IPS e.max® 95 0.3 [216] 

Cortical bone 13.7 0.3 [193] 

Cancellous bone 1.37 0.3 [193] 

Stainless Steel 210 0.3 [217] 
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Figure 4.3 The geometries of the FE models for an incisor-replacing implant with 

different insertion angles and in bones with different cortical thicknesses: (a) 

Regular insertion angle with cortical bone of 1-mm thick; (b) Regular insertion 

angle with cortical bone of 0.5-mm thick; (c) 15º clockwise from the regular 

insertion angle with cortical bone of 1-mm thick; (d) 15º clockwise from the regular 

insertion angle with a cortical bone of 0.5-mm thick; (e) 15º counter-clockwise to the 

regular insertion angle with a cortical bone of 1-mm thick; (f) 15º counter-clockwise 

to the regular insertion angle with a cortical bone of 0.5-mm thick. 
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4.3 Results 

The peak stresses in each essential part of the models are listed in Table 4.2. In 

terms of the locations of stress concentration, the von Mises stress concentrated at the 

neck region of the dental implant and the buccal concavity of the maxilla (Figures 4.4 and 

4.5). The maximum principal stress concentrated at the neck region and lingual side of 

the dental implant, but it concentrated at the palatal rather than the buccal surface of the 

maxilla (Figure 4.6). The von Mises stress distributions within the abutment and implant 

for the different cases are shown in Figure 4.4. When the implant insertion angle was not 

regular and an angulated abutment was used, approximately 25% higher von Mises 

stresses at the neck region could be found within the dental implant and abutment. Within 

the cortical bone, approximately 15% higher von Mises stresses could be found in the 

models with thinner cortical bone (Figure 4.5). This higher cortical bone stress also 

applied to the maximum principal stress, except for the model inserted at 15º clockwise 

from the regular angle. Although the peak bone stresses of the 15º counter-clockwise 

models were comparable to those of the regular models, they, and the 15º clockwise 

models, showed higher von Mises stress concentrations at the implant’s lingual neck 

region than the regular models. The thickness of the cortical bone did not significantly 

influence the peak stress value within the dental implant and abutment. The von Mises 

and maximum principal stresses within the crown were not significantly different 

between the models, except the regular model with 1-mm thick cortical bone, which 

showed higher von Mises stress in the crown. 
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Figure 4.4 Von Mises stress distribution within the implant and abutment with 

different insertion angles and cortical bone thickness: (a) Regular insertion angle 

with cortical bone of 1-mm thick (b) Regular insertion angle with cortical bone of 

0.5-mm thick (c) 15º clockwise from the regular insertion angle with cortical bone of 

1-mm thick (d) 15º clockwise from the regular insertion angle with a cortical bone of 

0.5-mm thick (e) 15º counter-clockwise to the regular insertion angle with a cortical 

bone of 1-mm thick (f) 15º counter-clockwise to the regular insertion angle with a 

cortical bone of 0.5-mm thick. 
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Figure 4.5 Von Mises stress distribution within the bone with different implant 

insertion angles and cortical bone thickness: (a) Regular insertion angle with 

cortical bone of 1-mm thick (b) Regular insertion angle with cortical bone of 0.5-mm 

thick (c) 15º clockwise from the regular insertion angle with cortical bone of 1-mm 

thick (d) 15º clockwise from the regular insertion angle with a cortical bone of 0.5-

mm thick (e) 15º counter-clockwise to the regular insertion angle with a cortical 

bone of 1-mm thick (f) 15º counter-clockwise to the regular insertion angle with a 

cortical bone of 0.5-mm thick. 
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Figure 4.6 Maximum principal stress distribution with different implant insertion 

angles and cortical bone thickness: (a) Regular insertion angle with cortical bone of 

1-mm thick (b) Regular insertion angle with cortical bone of 0.5-mm thick (c) 15º 

clockwise from the regular insertion angle with cortical bone of 1-mm thick (d) 15º 

clockwise from the regular insertion angle with a cortical bone of 0.5-mm thick (e) 

15º counter-clockwise to the regular insertion angle with a cortical bone of 1-mm 

thick (f) 15º counter-clockwise to the regular insertion angle with a cortical bone of 

0.5-mm thick. 
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Table 4.2 The peak stress (MPa) in each material section of the six FE models 

Material section Cortical Bone 
Implant & 

Abutment 
Crown 

The peak stress in models with 1-mm think cortical bone  

Insertion angle Mises 
Max. 

Principal 
Mises 

Max. 

Principal 
Mises 

Max. 

Principal 

Regular 35.501 24.944 75.794 74.974 13.254 9.869 

15º counter-clockwise  37.139 24.582 93.162 75.725 9.283 10.228 

15º clockwise 50.051 37.312 92.719 73.856 9.578 9.597 

The peak stress in models with 0.5-mm thick cortical bone  

Insertion angle Mises 
Max. 

Principal 
Mises 

Max. 

Principal 
Mises 

Max. 

Principal 

Regular 42.574 32.759 74.320 74.476 9.401 9.846 

15º counter-clockwise 42.819 37.549 93.159 76.045 9.282 10.229 

15º clockwise  57.847 32.014 93.201 75.481 9.613 10.103 

Figures 4.7 and 4.8 show, respectively, the von Mises and maximum principal 

stresses along the bone-implant interface. The distance has been normalized, with 0 being 

the point at the labial neck region and 1 being that at the lingual neck region. Similar 

trends could be found in the models with the two different cortical bone thicknesses. 

Figure 4.7 shows that with the implants inserted at 15° clockwise from the regular angle, 

the level of von Mises stress at the labial bone-implant interface was the highest while 

those with the other two insertion angles were about the same. On the lingual side of the 

implant, the von Mises stress in the 15° counter-clockwise model was higher than the 

other two models from the middle third to the cervical third of the implant.  
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Figure 4.7 Von Mises stresses at the bone-implant interface: (a) Results from the 

models with 1.0-mm thick cortical bone. (b) Results from the models with 0.5-mm 

thick cortical bone. 

Figure 4.8 shows that the highest maximum principal stress was found at the 

lingual bone-implant interface, with the models having the implants inserted at 15° 

counter-clockwise from the regular angle giving the highest value, followed by the one 

with the regular insertion angle, and then the one at 15° clockwise to the regular. The 

same trend was found for both cortical bone thicknesses. 
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Figure 4.8 Maximum principal stresses at the bone-implant interface: (a) Results 

from the models with 1.0-mm thick cortical bone. (b) Results from the models with 

0.5-mm thick cortical bone. 
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4.4 Discussion and Conclusion 

The FE results have shown that higher von Mises stresses at the neck region could 

be found within the dental implant and abutment, when the implant insertion angle was 

not regular and an angulated abutment was used. They also confirm the stress 

concentration around the neck reported by others [204-213]. The results from the present 

study show that a thinner cortical layer can further increase the stress level around the 

neck region, which can lead to saucerization of the crestal bone around the implant. As 

shown in Figures 4.7 and 4.8, higher stress levels were also found at the bone-implant 

interface in the models with a thinner cortical layer. 

High values of the maximum principal stress were found at the lingual bone-

implant surface. The model with the implant inserted at 15° counter-clockwise from the 

regular angle had the highest stress level; however, based on the averaged chewing force, 

the calculated stress level- did not exceed the tensile strength of the bone tissues, i.e. 

70~130 MPa [218-220]. The calculated stress level (40-50 MPa) was close to that 

required for osteoblast differentiation and bone apposition [221-226]. Also, inserting the 

implants at 15º counter-clockwise from the regular angle can actually reduce the 

maximum bone stress on the palatal side of the maxilla. These numerical results may 

explain the clinical findings that show no significant difference in peri-implant bone loss 

between upright and tilted implants.  

From the patient’s point of view, esthetics is the most important factor for an 

anterior prosthesis. To achieve esthetics the implant may have to be placed at a non-

optimal angle. Three-dimensional computed tomography has been used to determine the 



 

76 

 

optimal insertion angle for esthetic consideration. In combination with CAD/CAM 

technique, a surgical template can be fabricated to ensure that an implant is inserted at the 

angle as planned during surgery. The current study shows that certain implant insertion 

angles can produce unfavorable stresses to the implant system and surrounding bone. To 

provide a better prognosis, stress analysis is required to evaluate whether the stress level 

would jeopardize the peri-implant tissues when tilted implants and angulated abutments 

are used for the treatment. Therefore, more frequent post-operative follow-up is required 

when angulated abutments are used. 

Current dental implants are shaped very differently from natural teeth, especially 

the premolars and molars. To simplify the surgical procedure and to make it easy to 

maintain oral hygiene, most dental implants use a single, rather than multiple, root 

straight screw design. From the biomechanical point of view, this design may not be 

appropriate for all regions, especially the molar region, which sees the heaviest occlusal 

load. Further numerical analysis should be performed for tilted implants replacing these 

posterior teeth. 
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Chapter 5 A study on the graded material distribution of natural teeth 

5.1 Background 

Through evolution, animals have developed various types of mineralized 

biological tissues with optimal mechanical properties for their survival. For example, the 

skeletal system of vertebrates was developed to support their body weight, facilitate 

muscle movement, and protect the many important organs in the body. Invertebrates, on 

the other hand, have developed different types of exoskeleton to protect themselves. 

Examples include the shells in mollusks and cuticles in arthropods. Another mineralized 

biological structure, teeth, with their stiff and wear-resistant nature, play an important 

role in the daily lives of animals – food intake and breakdown. The shape and layout of 

the constituent materials of a tooth have evolved to meet the dietary needs of an animal. 

For example, carnivores usually own very sharp and strong teeth for hunting, killing and 

ripping the meat off their prey, while herbivores usually have cuspless teeth for grinding 

vegetation. Irrespective of the diet, teeth are often subjected to large mechanical forces. 

With their constituents organized in highly specific manners, mineralized 

biological tissues such as nacre [227] usually exhibit far better mechanical properties than 

their synthetic counterparts made of the same constituent materials. In recent years, there 

has been increased attention paid to how these unique material layouts in nature are able 

to maximize and optimize the mechanical performance of natural structures. These 

specific material layouts, including porous, fibrous and laminate structures, result in 

tissues with different strengths or anisotropies that meet their functional demands [228]. 

For example, osseous or bone tissues are mainly composed of hydroxyapatite (HA) 
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crystals. Depending on the density of these minerals, the elastic modulus of bone can 

vary by a factor of up to ten [193]. High mineral density in the outer cortical bone 

provides the required strength and bending stiffness for sustaining the body weight. On 

the other hand, the large porosity in the inner cancellous bone helps reduce the weight of 

the whole structure and gives it the capacity for shock absorption. Such a structured 

organization of osseous tissues with different properties in bone makes it an optimized 

design for accommodating the functional loads. 

A similar material layout can be found in teeth or related structures. Although 

their shapes vary according to their functions, the fundamental structures of fangs, tusks 

and human teeth share the same material layout [228]. Specifically, they all have a hard 

outer layer of enamel that provides a strong and wear-resistant surface that gives them the 

strength for fighting, killing, biting and/or chewing. Underneath, a softer inner layer of 

dentin contributes to their toughness and resilience to buffer the impact force from these 

actions. Not only is there a difference in the overall mechanical properties between the 

inner and outer tissues, there is also a graded spatial distribution of these properties 

within each of them.  

Marshall Jr. et al. [229] conducted nanoindentation tests using a modified atomic 

force microscope (AFM) to obtain profiles of the hardness and elastic modulus of human 

teeth across the dentinoenamel junction (DEJ). Their results showed that both of these 

mechanical parameters decreased gradually from enamel to dentin. Fong et al. [230] also 

reported that the nanohardness across the DEJ gradually decreased from 4.8 GPa to 0.8 

GPa, with the elastic modulus following a similar profile. Kishen et al. [143] found a 
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significant correlation among the mineral density, hardness and elastic modulus in human 

dentine using fluoroscopic X-ray imaging and microindentation. Their results showed 

that the hardness and elastic modulus of root dentin increased gradually from the central 

region to the outer surface of the root. Another AFM study further indicated that the 

nanomechanical properties of dentin varied among its microstructures, including the 

intertubular dentin, peritubular dentin and peritubular-intertubular dentin junction [231].  

In addition to dentin and the DEJ, a graded distribution of mechanical properties 

has also been found in enamel using indentation [145, 150, 229, 230, 232-240]. The 

reported values from these studies varied with the indenter’s size and shape, and the site 

where the indentation was performed. Nevertheless, the spatial distribution of the 

mechanical properties followed a similar pattern to that found in dentin, in which the 

elastic modulus was highest in the outer layer and gradually decreased as one moved 

towards the DEJ. Moreover, Cuy et al. [233] found  that the lingual cusp (the one that is 

chiefly responsible for breaking down food) of a maxillary molar had a thicker, stiffer 

layer of enamel. Therefore, researchers have hypothesized that the graded distribution of 

mechanical property within human teeth was developed to adapt to their particular 

functional needs [143, 233]. A digital photoelastic analysis showed high concentration of 

bending stresses in the cervical region of a mandibular incisor [143]. It was found that 

this region of high stress concentration also had higher mineral density, hardness and 

elastic modulus. This example further demonstrates that tooth structures are optimized for 

the mechanical loads that they sustain. 

Despite the above findings, in most stress analysis of tooth structures using the 
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finite element (FE) approach, the tissues and materials are usually defined as 

homogeneous and isotropic. Stress analysis using a graded material distribution for tooth 

structures has been very limited. Without modeling the material properties properly, the 

stress distribution obtained from the FE analysis may not be accurate. This study, 

therefore, aims to better understand how the graded distribution of the elastic modulus 

affects the structural stress distribution within a tooth. It is hypothesized that such a 

material layout would produce a more uniform stress distribution with lower stress 

concentrations.  
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5.2 Materials and Methods 

5.2.1 Preparation of hydroxyapatite (HA) tablets 

As mentioned, it has been found that the degree of mineralization is a major 

contributor to the mechanical properties of mineralized tissues [241, 242]. The present 

study used a micro-CT scanner to provide the spatial distribution of mineral density 

within teeth to construct the FE models required for the stress analysis. To do so, a 

relationship between the mineral density of enamel and the corresponding attenuation 

coefficient in the CT images needed to be established. This was achieved by using tablets, 

or phantoms, made of HA, the major constituent in teeth, with different densities. 

Approximately 25 mg of HA powder was manually filled each time into a tableting 

die and compressed with a predetermined compaction force (0.5–3 kN) using a universal 

material testing machine (Model 1485, Zwick, Germany). The compression speed and 

holding time at the maximum compaction force were set at 1 mm/min and 120 s, 

respectively. The density of the resulting round tablets (flat-faced, 4 mm diameter) were 

determined by their weights, diameters and thickness. Twelve tablets were successfully 

constructed in this way, and their density ranged from 0.99 to 1.54 g∙cm-3. The 

dimensions and properties of these tablets are listed in Table 5.1. Attempts were made to 

fabricate tablets with higher densities; however, cracks were found inside these high-

density HA tablets during the initial CT inspection. The cracks were probably caused by 

the high pressure used in their fabrication. Also, these tablets chipped very easily. The 

mean attenuation coefficients calculated from these fractured tablets were thus lower than 

they should be. As a result, they were excluded from this study. 
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Table 5.1 The dimensions and properties of the HA tablets used to relate the 

attenuation coefficient to the mineral density 

ID Weight 

(mg) 

Diameter 

(mm) 

Thickness 

(mm) 

Volume 

(mm3) 

Density 

(g∙cm-3) 

Attenuation 

coefficient 

(cm-1) 

1 25 4.01 2.01 25.372 0.985 109.775 

2 26.2 4.03 1.95 24.861 1.054 119.319 

3 25.4 4 1.84 23.110 1.099 122.910 

4 25.3 4.01 1.51 19.061 1.327 145.506 

5 25.3 4.02 1.5 19.029 1.330 149.139 

6 26.4 4.03 1.67 21.291 1.240 140.305 

7 25.7 4.03 1.61 20.526 1.252 141.128 

8 27.7 4.03 1.57 20.016 1.384 155.606 

9 26.5 4.02 1.48 18.775 1.411 156.645 

10 25.6 4.02 1.39 17.633 1.452 167.356 

11 27 4.02 1.44 18.268 1.478 168.537 

12 26.3 4.02 1.35 17.126 1.536 175.005 
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5.2.2 Establishing a relationship between the mineral density and attenuation coefficient 

The twelve intact HA tablets were vertically stacked using an acrylic holder (Figure 

5.1a) and scanned with a micro-CT system (HMX-XT 255, X-tek system, United 

Kingdom). Scanning was performed using X-rays produced with a tube voltage of 90 kV 

and tube current of 90 µA. A total of 720 projections, with 4 frames per projection, were 

acquired. The volumetric reconstruction with the microradiographs was performed using 

the software CT Pro 3D (Nikon Metrology, Brighton, MI, USA). The reconstructed 

volume was then post-processed using the software VG Studio Max (Version 2.1.3, 64bit, 

Volume Graphics, Charlotte, NC, USA) and exported as a DICOM image stack for 

further image analysis. The beam-hardening effect could produce artificially very high 

attenuation coefficients in the HA tablets’ outer layers. To avoid this artifact, 

measurement of the attenuation coefficient was confined to a central area of 50×50 pixels 

on the center slice of each HA tablet (Figure 5.1b). A total of 2500 measurements of the 

attenuation coefficient were extracted from each HA tablet and averaged using the 

software ImageJ (Version 1.47d, National Institutes of Health (NIH), Bethesda, MD, 

USA). The averaged attenuation coefficients were then plotted (Figure 5.3a) against the 

densities of the HA tablets using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA) 

to establish their relationship. 
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Figure 5.1 a: A microradiograph of the HA tablets. b: The yellow square box of 

50×50 pixels was used to measure each tablet’s attenuation coefficient. 
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5.2.3 Construction of the finite element models 

            A human maxillary first premolar and a second premolar were scanned using the 

same micro-CT system to obtain their geometry and spatial distribution of the attenuation 

coefficients. These teeth were extracted from young patients (approximatly 18 years old) 

who were receiving orthodontic treatment. The teeth were stored in distilled water with 

0.1% Thymol before scanning. To allow direct conversion of the attenuation coefficient 

to the elastic modulus via the mineral density, the same scanning parameters as those for 

the HA tablets were used, including the number of projections, number of frames per 

projection, tube voltage and tube current,. The reconstructed volumes of the premolars 

were post-processed using VG Studio Max. A central slice from the sagittal plane of each 

tooth (Figure 5.2a) was exported as a DICOM image for the construction of two-

dimensional FE models (Figure 5.2b).  

The coordinates of the points along the boundaries of each of the materials, including 

enamel, dentin and pulp, were extracted at 0.2 mm intervals using ImageJ. The 

coordinates were then imported into the software HyperMesh (Version 11.0, 

HyperWorks, Altair Engineering, Troy, MI, USA) as nodes for constructing the FE 

models. To avoid undue singular stresses on the surface nodes from the use of a 

concentrated point-load, as is often done in most stress analysis, a semicircle of 2-mm 

radius was used to load the teeth (Figure 5.2b). Each constructed model contained six 

materials: enamel, dentin, pulp, zirconia for the semicircle, cortical and cancellous bone. 

Zirconia, which is frequently used to make dental prostheses, was chosen for the loading 

semi-circle because its high Young’s modulus would maximize the contact stresses in the 
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tooth. The mechanical properties for each material, assumed to behave linear elastically, 

are listed in Table 5.2. Each material section was meshed with a mixture of quadrilateral 

and triangular plane-strain elements (CPE4 and CPE3). Four FE models were constructed 

in total, two for the first premolar (M1U and M1G) and two for the second premolar 

(M2U and M2G). M1U and M2U were assigned with uniform elastic moduli for the 

dental tissues, including the enamel and dentin, while M1G and M2G were given a 

distribution of elastic modulus values for the same tissues based on the spatial 

distribution of the attenuation coefficient. To allow direct comparison of the results, the 

elastic moduli of the enamel and dentin used in the models with a uniform distribution 

was derived from the average values of those in the models with a graded distribution. 

The other materials were given uniform properties, as listed in Table 5.2. During the first 

step of stress analysis, the models M1G and M2G were run in parallel with a user-defined 

material subroutine (UMAT [243]) that assigned elastic modulus values to each element 

in the enamel and dentin layer according to the distribution of the attenuation coefficient. 

The formula for converting the attenuation coefficient to the elastic modulus will be 

described in the Results section. 

A uniformly distributed load of 800 N was exerted at the top surface of the 

semicircle. A rectangular block 14.5 mm high with a 1.5 mm thick top layer were used to 

represent the surrounding cancellous bone and cortical bone, respectively. All the nodes 

at the bottom surface of the bone block were fully fixed to serve as the boundary 

condition. The models, with a uniform out-of-plane thickness of 10 mm, were exported to 

the FE software ABAQUS (Version 6.10 EF-1, Dassault Syetemes Simulia, Waltham, 

MA, USA) for stress analysis. Comparisons were then made of the mechanical 
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performances between those with uniform properties and those with a graded material 

distribution.  

 

Figure 5.2 a: The DICOM images from the CT scans for FE model construction. b: 

The FE models constructed from the DICOM images added with a semicircle for 

loading and a simulated bone block for support. Model 1 is the first premolar and 

Model 2 is the second premolar. 

 

Table 5.2 Material properties used in the FE models 

Material Elastic modulus 

(GPa) 

Poisson’s ratio Ref. 

Cortical bone 13.7 0.3 [193] 

Cancellous bone 1.37 0.3 [193] 

Pulp 2.07x10-3 0.45 [194] 

Zirconia 210 0.3 [244] 
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5.3 Results 

5.3.1 Relationship between HA mineral density and attenuation coefficient 

As shown in Table 1, the densities of the twelve intact HA tablets ranged from 0.99 

to 1.54 g∙cm-3, and the corresponding attenuation coefficients ranged from 109.77 to 

175.01 cm-1. Figure 5.3a shows that, within these ranges of values, the attenuation 

coefficient is linearly related to the HA mineral density (R2=0.99) with the following 

relationship: 

𝜇 = 115.73𝜌 − 4.1275(1)          

where µ is the attenuation coefficient (cm-1) and ρ is the density (g∙cm-3). There is 

evidence that this linear relationship still holds for higher density values [245]. 

 

Figure 5.3 a: The relationship between the attenuation coefficient and the density of 

the HA tablets. b: The relationship between Young’s modulus and mineral density 

[246]. 

To convert the attenuation coefficients of enamel to the corresponding elastic 

modulus values, the results from [242] was adopted (Figure 5.3b). The relationship 

between the elastic modulus and the mineral density of enamel was reported to follow an 
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S-shaped curve; see Figure 5.3b; however, the mineral densities of enamel measured in 

the present study lied mainly within the central linear portion. Therefore, a simplified 

linear relationship, Eq. (2), was used in the present study, where E stands for the elastic 

modulus (GPa).  

𝐸 = 100𝜌 − 190(2)  

Combining Eqs. (1) and (2) gives the equation used in the user-defined material 

subroutine for converting the attenuation coefficient into the elastic modulus, i.e. 

𝐸 = 0.86𝜇 − 186.43(3) 
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5.3.2 Graded distributions of elastic modulus in the FE models  

The histograms and spatial profiles of elastic modulus in the enamel layer for the 

graded-material models, M1G and M2G, are shown in Figure 5.4a. The same trend, with 

which the modulus increased from the inner region to the outer region of the enamel layer, 

was found in both models. For the elements close to the dentin layer, especially those 

beneath the central fossa, their elastic modulus was generally below 20 GPa. In the outer 

region, the elastic modulus could be greater than 110 GPa. Compared to Model M2G, 

Model M1G had a thicker, stiffer shell in its enamel region.  

As can be seen from the histograms in Fig. 5.4a, a left-skewed distribution was 

found for the enamel’s elastic modulus values in model M1G, while those for model 

M2G showed a bell-shaped distribution. Roughly 28% of the elements in M1G had an 

elastic modulus greater than 90 GPa, while most of the elements (67%) in M2G had a 

lower elastic modulus, ranging from 40~80 GPa. In the dentin layer, a lower elastic 

modulus could be found in the region surrounding the pulp chamber as well as the 

bifurcation area (Figure 5.4b). In general, the first premolar (Model 1) showed a higher 

mean elastic modulus than the second premolar (Model 2) in both the enamel layer (71.3 

GPa vs. 65.9 GPa) and the dentin layer (17.2 GPa vs. 11.5 GPa). 
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Figure 5.4 a: The histograms and profiles of elastic modulus in the enamel layer for 

the graded-material FE models M1G and M2G. b: The profiles of elastic modulus in 

the dentin layer for both graded-material FE models. 
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5.3.3 Stress analysis  

Due to the way the load was applied in the stress analysis, the central fossa was 

expected to be the region of the highest stress concentration. Thus, the stress value at the 

deepest point of the central fossa was used for comparison between the models. The 

maximum principal stress decreased from 131.8 MPa in model M1U to 84.2 MPa in 

model M1G, and from 491.1 MPa in model M2U to 213.5 MPa in model M2G (Figure 

5.5). Thus, with a graded distribution of elastic modulus, the highest maximum principal 

stress was reduced by 36% and 57% in the first and second premolar, respectively. In the 

first premolar, the total elastic strain energy within the enamel was 331.2 and 349.9 mJ in 

the model M1U and model M1G, respectively. In the second premolar, the total strain 

energy within the enamel was 1189.9 mJ in the model M2U and 1212.9 mJ in the model 

M2G. The models had a similar level of elastic strain energy stored in their enamel 

layers, irrespective of the material layout. 

The values of the maximum principal stress in both the enamel and dentin along the 

DEJ from the buccal side to the lingual side were plotted in Figure 5.6. In general, the 

stress values were lower in the first premolar. On the enamel side, the results showed that 

the models with a constant elastic modulus for the dental tissues, i.e. M1U and M2U, had 

higher stresses, with two prominent stress peaks around the dentin horns. In contrast, the 

models with a graded material distribution had a more uniform stress distribution along 

the DEJ and lower stress values in the regions near the dentine horns. Relatively high 

stresses could still be found around the buccal dentine horn in the M1G model. On the 

dentin side, no significant difference in the stress values was found between the models 
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with a uniform enamel layer and those with a graded one. The same was found for the 

normal and shear stresses along the DEJ, which are plotted in Figure 5.7 from the buccal 

side to the lingual side. 

 

Figure 5.5 Contour plots of the maximum principal stress in the enamel layer for 

the four models. 
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Figure 5.6 Profiles of the maximum principal stress in the enamel and dentin along 

the DEJ. Model 1 is the first premolar and Model 2 is the second premolar. 
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Figure 5.7 The normal and shear stresses at the dentin-enamel interface. Model 1 is 

the first premolar and Model 2 is the second premolar. 
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5.3.4 The relationship between the elastic modulus and the maximum principal stress 

The elastic modulus and the value of the maximum principal stress at the centroid of 

each element were extracted and plotted against each other as a scatter plot (Figure 5.8). 

The results confirmed that the models with a graded material distribution in the enamel 

provided a more uniform and lower stress distribution. However, the elements located 

near the central fossa had higher stresses, despite their lower modulus; see also Figure 5.5. 

 

Figure 5.8 Scatter plot of the elastic modulus against the maximum principal stress 

at the centroid of each element. 
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5.4 Discussion 

In most of the dental literature on the biomechanical analysis of tooth structures, 

the graded material distribution in the biological tissues was not considered. The present 

study represented the first attempt at analyzing the effect of modeling the dental tissues 

with a distributed material layout, as found by nanoindentation [232-238, 240], on the 

stress distribution in human teeth. To accurately incorporate the graded material 

distribution in nature into the numerical models constructed from micro-CT images, a 

relationship between the attenuation coefficient and elastic modulus was established. The 

relationship between the attenuation coefficient and the mineral density was first derived 

based on the CT scans of the HA tablets. The attenuation coefficient was then linked 

directly to the elastic modulus using a relationship between the elastic modulus and the 

mineral density of enamel established by others through indentation [242]. 

The highest density of the HA tablets used in the present study was 1.5 g∙cm-3, 

which is much lower than  the average value of 2.49 g∙cm-3 for enamel . Several tablets 

with a higher density were fabricated; however, because of existing internal cracks they 

were excluded from the study.  The density of enamel was obtained by extrapolation 

from the measurements of the remaining HA tablets. The estimated densities for these 

enamel specimens were comparable to those reported in other studies (2.6 - 3.0 g∙cm-3) 

using either radiographic analysis [247-250] or direct measurement [251, 252] .  

Micro-CT was used in the present study to determine the attenuation coefficient 

of enamel and to capture the geometry of teeth for FE modeling. Compared with Micro-

CT, traditional dental radiography can only generate 2-D radiographic images that are 
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projections of all the structural features within the object being scanned; therefore, they 

cannot provide an accurate spatial distribution of the attenuation coefficient. There are 

two major advantages for using Micro-CT to obtain the images required for FE modeling: 

it provides precise measurement of the attenuation coefficient for deriving the material 

property, and it resolves details as small as a few microns in size. With a voxel size of 

14.6 µm, the spatial resolution of the CT images used in the present study accurately 

captured the geometry and the distribution of the elastic modulus of the teeth analyzed. 

Results from the stress analysis strongly support our hypothesis that the graded 

material distribution often found in nature was developed to minimize the stresses in 

natural structures, such as teeth, by distributing the load more evenly. Notably, the two 

stress peaks near the buccal and lingual dentin horns were significantly lowered in 

magnitude by the introduction of a graded material layout to the enamel layer. And, this 

was achieved by storing approximately the same amount of elastic strain energy with the 

same amount of mineral content in the enamel – the models had the same average elastic 

modulus, and therefore, the same average mineral density. The reduction of the stress 

peak at the central fossa, where cracks usually initiate, helps explain why vertical tooth 

fracture does not happen more often, as would be the case if the stresses predicted by the 

models with a uniform elastic modulus for enamel were true. Evidence exits that show 

that a graded material layout can promote crack arrest [253, 254]. 

 The interfacial normal and shear stresses at the DEJ were not significantly 

affected by the presence of a graded material distribution. This may be because, despite 

the graded distribution, the average elastic modulus of the enamel was still much higher 
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than that of the dentin. Therefore, as far as the DEJ was concerned, the enamel layer 

behaved as a very stiff layer, irrespective of its degree of heterogeneity. 

While the current results (Figures 5.5, 5.6 and 5.8) showed that, overall, the 

graded material distribution promoted a more uniform stress distribution within human 

teeth, high stresses still existed in the elements surrounding the central fossa, despite their 

lower elastic modulus. This was attributed to the fact that the FE models used in this 

study did not fully capture the detailed anatomy of the pits and fissures in the fossa. A 

closer view of a fossa captured by Micro-CT (Figure 5.9a) showed that the fissure had the 

shape of a long rounded notch, a geometry well known in mechanics that can help reduce 

stress concentration. To further investigate this effect, we constructed two FE models of a 

central fossa with and without a deep fissure. Under the same loading and boundary 

conditions, the results showed that with a deep fissure in the central fossa, the maximum 

principal stress was reduced by 30% (Figure 5.9b). This feature of the human teeth can be 

considered as another example of shape optimization that has taken place in nature.  

 Although only 2-D FE models were used in the present study, they were 

considered to be adequate for answering the question posed; that is whether a graded 

material distribution would produce a more uniform stress distribution with lower stress 

concentrations in a human tooth. While 3-D models are more representative anatomically, 

they are more expensive computationally to construct and analyzed, and yet they often do 

not provide more useful or fundamentally different information than the simpler, 2-D 

models [255].  
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Figure 5.9 a: A closer view of the central fossa b: The FE results showed that a deep 

fissure in the central fossa can effectively reduce the maximum principal stress 

concentration. 

 A graded material distribution was also applied to the dentin layer in the present 

study using Eq. 3, despite the fact that the linear relationship between the attenuation 

coefficient and mineral density was derived from pure HA tablets with no organic 

contents. Unlike enamel, which consists of 96% mineral, dentin is composed of 20% 

organic matrix, 10% water and only 70% mineral [256]. The atomic weights of Calcium 

and Phosphate in the HA crystals are much greater than that of Carbon, Hydrogen and 

Oxygen in the organic tissues and water. It is the mineral content, the heaviest and most 
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abundant component that determines dentin’s attenuation coefficient. As a result, it was 

decided that Eq. (3), which was derived from pure HA tablets, can be applied without 

corrections for the organic matrix and water content for converting the attenuation 

coefficient of dentin into the corresponding elastic modulus. The results showed that the 

distribution of elastic modulus in the dentin followed a similar trend to that in enamel, 

where the outer dentin was harder than the inner dentin, as found in previous studies [143, 

247, 250].  

While the present study has shown the importance of mineral distribution on the 

mechanical performances of a tooth, the significance of the organic components and the 

microstructures should not be neglected. As mentioned previously, the mechanical 

performances of mineralized biological tissues are usually better than their synthetic 

counterparts made of the same constituent materials. This is because the organic 

component, usually collagen protein, greatly improves the tissue’s toughness [257]. In 

addition, the spatial arrangement of the enamel rods makes enamel behave anisotropically. 

Studies using nanoindentation tests at different spots with different enamel rod 

alignments indicated that the mechanical properties are fundamentally altered by the rod 

orientation and their topological distribution [145, 233, 258, 259]. The friction and wear 

of human teeth also vary significantly depending on the orientation of the enamel rods, 

which in turns depend on the topological area of the tooth [151]. A lower coefficient of 

friction and higher wear resistance was found in the occlusal region [151]. This 

phenomenon can also be observed in dentin, where the friction and wear behavior are 

also determined by the orientation of the dentinal tubule [260]. Several studies have 

attempted to numerically simulate the hierarchical structure of the enamel [154, 261-265]. 
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The results from these studies have indicated that the crystal orientation within each rod 

and the rod arrangement within the enamel have been optimized for greater load capacity, 

wear resistance, and fracture strength.   

5.5 Conclusion 

The results from this study support the hypothesis that the material layout in 

human enamel is optimized for distributing the external load evenly. To predict more 

accurately the stresses in tooth structures, their natural, graded material layout must be 

taken into account in any future FE study. Otherwise, the maximum stress will probably 

be over-predicted, and the stress distribution will be less uniform than the actual one.  
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Chapter 6 Deriving a new material layout for all-ceramic dental crowns 

based on the graded material distribution of natural teeth 

6.1 Background 

Based on the statistical data from the most recent National Health and Nutrition 

Examination Survey (NHANES), 1999-2004, the mean number of missing permanent 

teeth among adults 20 to 64 years of age is 2.52 [11]. This means that there are more than 

475 million missing teeth in the adult population that need to be replaced to raise the 

overall oral health status in the United States. The fabrication and placement of dental 

crowns and other prostheses form a major part of the rehabilitation process. In the United 

States, more than 15 million dental crowns are fabricated every year [266]. In addition to 

the restoration of damaged natural teeth, dental implants that replace missing teeth also 

require crown restorations. According to an estimate by the dental implant manufacturer 

STRAUMANN [267], approximately 1-2 million dental implants are placed in the United 

States every year. The demand for dental implants is still growing steadily, and it is 

believed that the number of dental implants inserted annually will double by 2020 [267]. 

The demand for dental crowns and other related prostheses is, therefore, expected to 

increase steadily. 

The first materials used for fabricating dental prostheseswere metal alloys. Their 

castability makes it possible to reproduce the complicated tooth contour and to obtain 

marginal fit with high precision. Due to increasing esthetic demands, dental prostheses 

have evolved into layered structures such as resin-bonded-to-metal (RBM) or porcelain-

fused-to-metal (PFM) constructions since the 1950s. Various metal alloy systems are 
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used in the RBM or PFM crowns or bridges as the core to ensure structural rigidity. To 

better mimic the tooth appearance, zirconia, which has a color close to teeth and also 

holds excellent mechanical strength, has been considered as a core material since the 

1990s.  

Current designs of layered dental crowns have the exact opposite layout of that of 

natural enamel. They use a harder material, e.g. metal or zirconia, for the substructure and 

a softer esthetic material, e.g. feldspar ceramic, for the veneer. It is believed that the 

entire structure’s rigidity and strength should come from a stiff and strong core, similar to 

the steel reinforcement in concrete for construction. In practice, however, all these 

layered dental restorations, including RBM, PFM or zirconia-ceramic, share a common 

pitfall in that the softer outer layers of conventional dental crowns are usually weak and 

vulnerable to chipping, flaking or delamination. Like ceramics, hydroxylapatite is 

vulnerable to fracture by tensile stresses. In addressing the problem of veneer chipping, 

most recent researchers have concentrated only on improving the veneering porcelain 

[268-270], veneering technique [268-275], core material [268, 276], core design [271, 

275] or fabrication protocol [111, 271].  

In the past two decades, evidence of regular spatial variations of material 

properties, such as the elastic modulus or hardness, within the tooth tissues has been 

established by using various indentation techniques [145, 233, 277, 278]. The mechanical 

properties of human enamel show a gradient such that the outer enamel is the hardest and 

its stiffness gradually reduces towards the dentin (Figure 6.1). Moreover, the elastic 

modulus and hardness of the outer enamel are higher at the cusps than at the axial 



 

105 

 

surfaces [277]. It has also been found that the functional cusp has a stiffer and thicker 

outer enamel layer than the non-functional cusp [233]. Such a graded material 

distribution is also found in many other biological structures, e.g., shells, anthropod 

exoskeletons, antlers, and bird beaks [279]. This functionally graded material distribution 

within the enamel is attributed to gradual changes in the mineral density and the enamel 

rods’ orientation. Kodaka and his colleagues [280] have found that the hardness of the 

human enamel is highly correlated to its mineral content. It is also known that each 

percentage change in the volumetric concentration of hydroxyapatite can account for a 3-

GPa increase of the elastic modulus [281]. Studies using nanoindentation performed at 

different positions with different enamel rod orientations indicated that the mechanical 

properties are fundamentally altered by the rod orientation [145, 233, 258, 259]. 

 

Figure 6.1 Distribution of elastic modulus in human enamel. For more details, refer 

to Chapter 5. 

In Chapter 5, it was demonstrated using the FE method that the structural stress 

distribution in human teeth was altered by the presence of a graded material distribution. 
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The results showed that, with a graded material layout, the peak maximum principal 

stress in the enamel was reduced by about 50%, and the overall stress distribution was 

more uniform. Along the dentino-enamel junction, two stress peaks were found near the 

dentine horns; however, they were much lower in magnitude in the models with a graded 

material distribution. The results from this study support the hypothesis that the material 

layout in human enamel is optimized for distributing the external load evenly.  

The material layout of natural teeth has never been suggested as a blueprint for 

designing and fabricating the dental crown. Although the fracture strength of 

hydroxylapatite is lower than some of the ceramics used for making dental crowns, 

natural teeth do not chip or fracture easily. In view of this and the results from Chapter 5, 

the graded material distribution of enamel should be applied for the design of crowns 

made of ceramics. 

This project was a first attempt at seeking a suitable material layout for layered 

all-ceramic restoration based on the functionally graded material distribution found in 

natural enamel. Although a graded distribution has previously been proposed for 

fabricating ceramic-based dental crowns, it is still based on the conventional design of a 

hard substructure covered with a softer veneer [282]. Several multilayer crown designs 

based on the enamel layout with different material properties assigned to the different 

layers were considered by subjecting them to simulated occlusal loads. To avoid the need 

for creating new materials, three ceramic materials available in the market were selected 

and used in this study. The FE method was again used for performing the stress analysis 

and computing the safety factor for each candidate design.  
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6.2 Methods 

A two-dimensional FE model was constructed from the computed tomography 

images of a human mandibular molar restored with a dental crown using the software 

HyperMesh (Version 11.0, HyperWorks, Altair Engineering, Troy, MI, USA). Previous 

studies and the work presented in Chapter 5 have shown that enamel has a distributed 

material layout, which is optimized for distributing the occlusal load. To mimic this 

natural material layout, the crown was divided into nine layers in the model (Figure 6.2). 

Different material properties were assigned to the different layers to achieve a graded 

distribution. Three clinically available ceramic materials of different elastic moduli were 

used for the present study: IPS e.max® (Ivoclar vivadent, Amherst, NY, USA), 

VITAVM® 9 (VITA Zahnfabrik, Germany) and VITABLOCS® Mark II (VITA 

Zahnfabrik, Germany). IPS e.max® is made of lithium disilicate, and it has the highest 

elastic modulus of 95 GPa among the three materials. VITAVM® 9 and VITABLOCS® 

Mark II are both feldspar ceramics, and their elastic moduli are 65 GPa and 40 GPa, 

respectively. The aim was to obtain proper thickness ratios between the different material 

layers that can best distribute the occlusal load.  

The materials were assigned to the layers using the following principle inspired 

by nature: the exterior materials must be stiffer than the interior materials. i.e., IPS 

e.max® always formed the outermost layer and VITABLOCS® Mark II the innermost 

layer if any of these materials participated in the structure. In this manner, fifty-five 

models of different thickness ratios were generated and the composition of each material 

layout is listed in Table 6.1 and illustrated in Figure 6.3. The elastic moduli of the 



 

108 

 

ceramic materials used in the model were adopted from the manufacturers’ data sheets, 

and a Poisson’s ratio of 0.3 was assumed for all of them. The mechanical properties for 

the materials, all assumed to behave linear elastically, are listed in Table 6.2. 

To simulate the loading on the cusps during chewing, a semicircle of 2-mm radius 

was used to load the tooth and its material properties were set the same as those of human 

enamel. A uniformly distributed load of 800 N was exerted at the top surface of the 

semicircle. Each section of the model was meshed with a mixture of triangular and 

quadrilateral plane-strain elements (CPE3 and CPE4 [190]). The mesh within the crown 

was much finer than those in the other regions. A rectangular block 13.5 mm high with a 

1.5 mm thick top layerwas used to represent the surrounding cancellous bone and cortical 

bone, respectively. All the nodes at the bottom surface of the bone block were fully fixed 

to serve as the boundary condition. The models, with a uniform out-of-plane thickness of 

10 mm, were exported to the FE software ABAQUS (Version 6.10 EF-1, Dassault 

Syetemes Simulia, Waltham, MA, USA) for stress analysis.  

The mechanical performance of the crown with each material layout was 

evaluated by considering the safety factor within each ceramic layer. The safety factor is 

a ratio of the material strength to the peak maximum principal stress within each ceramic 

layer. The material strengths used in the present study were the biaxial flexural strengths 

(ISO 6872:2008) provided by the manufacturers. The flexural strengths for IPS e.max®, 

VITAVM® 9 and VITABLOCS® Mark II are 375, 100 and 150 MPa, respectively [216, 

283, 284]. 
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For comparison, stress analysis was also performed for a crown with the 

conventional design, which uses a zirconia substructure and a porcelain veneer. 

 

Figure 6.2 The nine-layered ceramic crown model. 
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Table 6.1 The composition of each material layout. The entries indicate the number 

of layers occupied by each material. 

NO. IPS e.max® VITAVM® 9 
VITABLOCS® 

Mark II 
NO. IPS e.max® VITAVM® 9 

VITABLOCS® 

Mark II 

1 9 0 0 29 2 7 0 

2 8 1 0 30 2 6 1 

3 8 0 1 31 2 5 2 

4 7 2 0 32 2 4 3 

5 7 1 1 33 2 3 4 

6 7 0 2 34 2 2 5 

7 6 3 0 35 2 1 6 

8 6 2 1 36 2 0 7 

9 6 1 2 37 1 8 0 

10 6 0 3 38 1 7 1 

11 5 4 0 39 1 6 2 

12 5 3 1 40 1 5 3 

13 5 2 2 41 1 4 4 

14 5 1 3 42 1 3 5 

15 5 0 4 43 1 2 6 

16 4 5 0 44 1 1 7 

17 4 4 1 45 1 0 8 

18 4 3 2 46 0 9 0 

19 4 2 3 47 0 8 1 

20 4 1 4 48 0 7 2 

21 4 0 5 49 0 6 3 

22 3 6 0 50 0 5 4 

23 3 5 1 51 0 4 5 

24 3 4 2 52 0 3 6 

25 3 3 3 53 0 2 7 

26 3 2 4 54 0 1 8 

27 3 1 5 55 0 0 9 

28 3 0 6     



 

111 

 

 

Figure 6.3 The percentage thickness of the three ceramic materials in each model. 

 

Table 6.2 The material properties used in the models 

Material Elastic modulus (GPa) Poisson’s ratio Ref. 

IPS e.max® 95 0.3* [216] 

VITAVM® 9 65 0.3* [283] 

VITABLOCS® Mark II 40 0.3* [284] 

Enamel 84.1 0.3 [191] 

Dentin 18.6 0.31 [192] 

Cortical bone 13.7 0.3 [193] 

Cancellous bone 1.37 0.3 [193] 

Pulp 2.07x10-3 0.45 [194] 
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6.3 Results 

6.3.1 Stress analysis 

 The peak maximum principal stress in each material was lowest when all three 

materials were present in the crown (Figure 6.4). This is most obvious with the peak 

stress in IPS e.max®, which always exhibited a jump in value when VITAVM® 9 was 

absent. The stresses in all three materials were lowest with Model no. 32, which had 

thickness ratios of 2/9, 4/9, and 3/9 for IPS e.max®, VITAVM® 9 and VITABLOCS® 

Mark II, respectively. The corresponding peak maximum principal stresses in these 

materials were 22.06 MPa, 18.00 MPa and 16.66 MPa. 

If only IPS e.max® (Model no. 1) or VITAVM® 9 (Model no. 46) was used in the 

crown, high stress concentration was found at the bottom of the crown, and the peak 

maximum principal stress were 41.51 MPa and 29.57 MPa, respectively. With only 

VITABLOCS® Mark II used, the highest maximum principal stress of 18.15 MPa was 

found at the central fossa (Model no. 55), See Figure 6.5.  
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Figure 6.4 The peak maximum principal stress in each material for the 55 layouts. 

Red arrows indicate the values of the peak maximum principal stress in models 

which only contain one material. 

With a combination of IPS e.max® and VITABLOCS® Mark II only, the highest 

maximum principal stress was found at the bottom of the outer layer of IPS e.max®. The 

peak maximum principal stress within IPS e.max® first reduced slightly with reducing 

thickness then increased sharply with further reduction in its thickness (Figure 6.5). The 

model with the thinnest (1/9 of the total thickness) IPS e.max® outer layer, no. 45, had the 

highest maximum principal stress of 102.13 MPa, while that with a 6/9 of the total 

thickness (model no. 10) had the lowest stress value of 29.90 MPa. The peak maximum 
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principal stress within VITABLOCS® Mark II remained roughly constant at about 16 

MPa. 

With a combination of IPS e.max® and VITAVM ® 9 only, the peak maximum 

principal stress remained approximately constant at about 30 MPa (Figure 6.6). The 

highest stress was always found at the bottom of the inner layer of VITAVM® 9, except 

Model no. 37, which had the thinnest (1/9 of the total thickness) IPS e.max® outer layer. 

In this case, the highest maximum principal stress of 32.69 MPa was found within the 

IPS e.max® layer.   

 

Figure 6.5 The peak maximum principal stress within each layer of the models made 

of IPS e.max® and VITABLOCS® Mark II only. 

 

Figure 6.6 The peak maximum principal stress within each layer of the models made 

of IPS e.max® and VITAVM® 9 only. 



 

115 

 

With a combination of VITAVM® 9 and VITABLOCS® Mark II only, the peak 

maximum principal stress within the layer of VITABLOCS® Mark II again remained 

approximately constant at 16 MPa, irrespective of its thickness. The peak maximum 

principal stress within the layer of VITAVM® 9 increased as its thickness decreased 

(Figure 6.7). The model with the thinnest (1/9 of the total thickness) VITAVM® 9 outer 

layer, no. 54, had the highest maximum principal stress of 50.09 MPa. For the crowns 

with a thicker VITAVM® 9 layer of 7/9, 6/9 and 5/9 of the total thickness (models no. 48, 

49 and 50), the peak stress was found around the contact area. For the other models, it 

was found at the bottom of the innermost layer of VITABLOCS® Mark II. 

 

Figure 6.7 The peak maximum principal stress within each layer of the models made 

of VITAVM® 9 and VITABLOCS® Mark II only. 

With all three materials present in the crown, the highest maximum principal 

stress was always found within the outer IPS e.max® layer, irrespective of the thickness 

of each material. The values of the highest maximum principal stress for these models are 

illustrated in Figure 6.8. The peak maximum principal stress within the layer of 

VITABLOCS® Mark II remained roughly constant at 16 MPa. 
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Figure 6.8 The peak maximum principal stress within each layer of the models made 

of all three materials. 

 

6.3.2 Safety factors 

 Except for models no. 36 and 45, which had the thinnest IPS e.max® layer, the 

crowns using a combination of IPS e.max® and VITABLOCS® Mark II had relatively 

higher safety factors, ranging from 7.20 to 9.28 (Figure 6.9). Model no. 6 showed the 

highest safety factor (9.28). For other combinations, the safety factor dropped below 5.6 

and it ranged from 1.99 to 5.58. For the conventional zirconia-porcelain crown, which 

uses zirconia as the substructural material and feldpathic porcelain as the veneering layer, 

the safety factor is only 4.82. 
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Figure 6.9 The safety factor of each crown design. 
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6.4 Discussion 

The present study has shown that using an outermost layer that is stiffer than the 

innermost layer leads to an improved safety factor, stress distribution, and mechanical 

performance for the all-ceramic crown. When compared with the conventional zirconia-

porcelain design, the best design from this study, Model no. 6 increased the safety factor 

of the crown by 92% (4.82 versus 9.28). Even though the zirconia core has a very high 

flexural strength, zirconia-porcelain dental crowns do not perform better than the 

optimized design because the flexural strength of the veneering porcelain (100 MPa) is 

the lowest amongst all the ceramic materials. Under a load of 800 N, the peak maximum 

principal stress within the veneering porcelain is 20 MPa in the conventional zirconia-

porcelain design.  

There is some discrepancy between the peak stress results and those of the safety 

factor. Models having the lowest stress did not necessarily have the highest safety factors. 

This is because the strengths of the materials do not follow the same trend as the Young’s 

moduli. Although VITAVM® 9 lies second in terms of material stiffness, its strength is 

the lowest amongst the three materials. As a result, despite the low stress in this material, 

the safety factors for some of the designs are relatively low. If a stronger material with a 

similar stiffness is used in place of VITAVM® 9, higher safety factors would be obtained. 

Nevertheless, given its higher safety factor, the optimized design should provide a 

higher load capacity and a longer life-span for the dental crown. In particular, the micro-

cracking and surface chipping that form the major failure modes in the conventional 

design are expected to occur later in service. The optimized material layout was the result 
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of applying an inverse material distribution to the design of all-ceramic layered dental 

restoration. This inverse material layout can be applied to other dental restorations that 

are used to replace hard tooth tissues, including all those that are made of highly filled 

composites, ceramics, metals, porcelains and a combination of them.  

The use of a ceramic core has been facilitated by the great advances in 

CAD/CAM technology that allows ceramic or composite blocks to be reduced to the 

required shape with high precision. In fact, all-ceramic crowns made using CAD/CAM 

technology are expected to grow rapidly, and its market will reach $540 million by 2016 

[285]. Due to the non-tooth-like color of metal and zirconia, to achieve satisfying 

esthetics, conventional metal-ceramic or all-ceramic crowns require extensive effort by 

the dental technician to build up a porcelain veneering layer. Manufacturing dental 

crowns of the proposed material layout can be performed using modern CAD/CAM 

systems and at lower costs. Therefore, not only is the crown with the optimized material 

layout expected to have better mechanical performance, it is also expected to be more 

economic. 

Although the optimized material layout (Model no. 6) derived in this chapter only 

makes use of two discrete layers of different materials, with further advances in 3-D 

printing technology, it will be possible to build up an all-ceramic crown that more closely 

replicates the graded material distribution in natural enamel. The in-vitro validation of the 

optimized design derived from the present study has been performed, the details of which 

are given in the next Chapter. 
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Chapter 7 In vitro validation of layered all-ceramic crowns with an 

optimized material layout 

7.1 Background 

The advantage of the graded distribution of material properties within natural 

teeth has been demonstrated in Chapter 5, and a practical layout for fabricating an all-

ceramic crown using existing materials has been developed in Chapter 6. The finite 

element results show that using an outermost layer of material that is stiffer than the 

innermost layer can lead to improved stress distribution, safety factor, and mechanical 

performance. This chapter presents results of in-vitro testing of all-ceramic crowns with 

the optimized layout developed in Chapter 6, and it compares their mechanical 

performance with that of the conventional zirconia-porcelain design. 

The first challenge encountered was to develop a proper laboratory protocol for 

fabricating the crowns with the optimized material layout. Most all-ceramic systems 

provide a complete assortment of substructural and veneering ceramic materials with 

matching coefficients of thermal expansions, which is important in preventing premature 

cracking during fabrication, and excellent tooth shade reproduction. It was not the aim of 

this study to mimic natural tooth color perfectly with the optimized design. The 

development of a laboratory protocol for fabricating the optimized design focused on the 

selection of ceramic materials with appropriate mechanical and thermal properties and 

identifying the proper heating and cooling protocols for the sintering processes to 

minimize residual stresses. It is widely known that the mismatch in the coefficients of 

thermal expansion (CTE) between the substructure and veneering materials could 
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generate residual stresses that lead to premature cracking or chipping of the veneering 

porcelain [286-288]. The materials’ CTE were taken into account during the selection of 

ceramic materials with suitable elastic moduli for the optimization study in Chapter 6. 

The three ceramic materials chosen were IPS e.max® (Ivoclar vivadent, Amherst, NY, 

USA), VITAVM® 9 (VITA Zahnfabrik, Germany) and VITABLOCS® Mark II (VITA 

Zahnfabrik, Germany)., Their CTEs are 10.2 × 10-6 [216], 9.2 × 10-1 [283]  and 9.4 × 10-6 

K-1 [284], respectively. The CTEs of the chosen ceramic materials are quite close to each 

other; therefore, premature cracking due to post-sintering residual stresses could be 

minimized when these materials are fused together to fabricate dental crowns. 

To replace the conventional manual layering technique for fabricating layered all-

ceramic crowns, techniques that use CAD/CAM systems have been proposed. These 

include Rapid Layer Technology by VITA, IPS e.max® CAD-on technology by Ivoclar 

Vivadent, and LAVA Digital Veneering System by 3M ESPE. These techniques use a 

similar approach whereby each layer within the structure is machined from a ceramic 

block using a CAD/CAM system, and all the layers are then assembled together for a 

final sintering process. They can significantly reduce the time for manufacturing layered 

crowns and greatly increase productivity.  

The chipping of crowns fabricated with conventional layering and the CAD-on 

technique was evaluated by Schmitter et al [289]. To simulate aging, the crowns were 

treated with thermocycling and artificial loads before being subjected to fast fracture test. 

Almost all (87.5%) of the crowns made with the conventional layering technique failed 

during the chewing simulation; only one survived and underwent the fracture test. The 
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IPS e.max® CAD-on crowns displayed ultimate loads to failure of about 1600 N, which 

were significantly greater than the 934 N of the conventional one. Further, the artificial 

ageing did not have any significant effect on their failure loads. An internal study by 

Ivoclar Vivadent also showed that the average fracture load of IPS e.max® CAD-on 

bridges was significantly higher than that of conventional layered zirconia-porcelain 

bridges (2188 vs. 1388 N) [290], and it was comparable to that of monolithic IPS e.max® 

bridges (2576 N) [291]. The IPS e.max® CAD-on bridges fractured at the connector 

region or through the pontic without any visible chipping of the veneering layer, while 

the conventional layered zirconia-porcelain bridges chipped at very low loads.  

Although the all-ceramic restorations produced by the above CAD/CAM 

techniques have comparable mechanical strengths as their monolithic counterparts, they 

still use the conventional material layout, i.e. an inner stiffer coping (zirconia) veneered 

with a softer material (lithium disilicate or feldspathic ceramic). According to the stress 

analysis presented in Chapter 6, the mechanical performance of these all-ceramic crowns 

can be improved further by reversing the spatial arrangement of the constituent materials. 

The present study represents the first attempt at applying such a material layout, as 

inspired by that of natural teeth, to fabricating all-ceramic crowns. As a proof of concept, 

the crowns were made with two layers of ceramic materials only. The two CAD/CAM 

ceramic materials selected were IPS e.max® and VITABLOCS® Mark II, and the CAD-

on approach would be used to fabricate the crowns.  
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7.2 Materials and Methods 

7.2.1 Sample preparation 

The fabrication of the all-ceramic crowns was performed on a model first molar in 

a prosthetic restoration jaw model (D18FE-500A-QF, Nissin, Japan) prepared using the 

following guidelines (Figure 7.1):  

(1) The marginal design was of the heavy-chamfer type with a rounded inner angle.  

(2) The circumferential cutting depth was at least one millimeter.  

(3) The taper angle of the proximal wall was about six degrees.  

(4) All the line angles between the axial and occlusal walls were rounded.  

(5) To provide sufficient space for the veneering material, a minimum of 1.5-mm and a 

maximum of 2-mm thick tooth substance was removed from the occlusal top. 

(6) All prepared tooth surfaces were smoothed using a finishing bur. 

 

Figure 7.1 The preparation guidelines for all-ceramic crowns [292]. 

  



 

124 

 

A total of thirty crowns, fifteen for the conventional zirconia-porcelain design and 

fifteen for the optimized bi-layered design, were prepared. For the zirconia-porcelain 

group, the crowns were fabricated with the conventional laboratory protocols. A working 

model was prepared using an impression, made with vinyl polysiloxane impression 

material (Examixfine™ (injection type), GC, Japan) and silicone putty (Vertex™ Putty 

1:1, Vertex-Dental, The Netherlands), of the prepared model tooth. Then, the working 

model was scanned to obtain the geometry of the prepared abutment using a CAD/CAM 

system (ARDENTA, Activity 850, Taiwan). The zirconia coping was designed using the 

software exoCAD dental (build 4903, exocad GmbH, Germany), and replicates were 

milled from material blocks (VITA In-Ceram YZ, VITA Zahnfabrik, Germany) using the 

same CAD/CAM system. The milled copings (Figure 7.2a) were cleaned using a steam 

cleaner (Super steam cleaner, VITA Zahnfabrik, Germany) with a pressure of 70 psi and 

then dried thoroughly. To achieve adequate bonding between the zirconia copings and the 

veneering material (VITA VM9®, VITA Zahnfabrik, Germany), the copings were 

subsequently wetted with a mixture of modeling liquid (VITA Modelling fluid, VITA 

Zahnfabrik, Germany) and a porcelain powder (BASE DENTINE, VITA VM9®, VITA 

Zahnfabrik, Germany) to create a washbake layer (Figure 7.2b). The copings were then 

fired in a furnace (VACUMAT 6000M, VITA Zahnfabrik, Germany) using the following 

temperature control: pre-heating the furnace to 500°C for two minutes, raising the 

temperature to 950 °C at a rate of 55°C per minute and holding at 950 °C for another 60 

seconds (Table 7.1). After they cooled to room temperature, veneering porcelain was 

applied onto the zirconia copings. To compensate for firing shrinkage, the crown was 

built approximately 20% larger than the actual dimensions (Figure 7.2c). The second 



 

125 

 

firing was performed using the temperature control listed in Table 7.1. The sintered 

crowns were retrieved from the furnace and their contours were checked using a silicone 

mold to ensure uniformity.  

 

Figure 7.2 Fabrication of a conventional zirconia-porcelain crown: (a) CAD/CAM 

prepared zirconia coping; (b) A washbake layer was added onto the zirconia coping 

and (c) The crown with an oversized porcelain layer before firing. 

For the optimized group, two CAD/CAM ceramic materials, IPS e.max® and 

VITABLOCS® Mark II, were selected for fabricating the bi-layered all-ceramic crowns. 

The stiffer IPS e.max® formed the outer layer (1.3-mm thick) and the softer 

VITABLOCS® Mark II formed the inner layer (0.7-mm thick); see Figure 7.3a. The two 

layers were designed without any undercuts so that they could fit together in a telescopic 

manner (Figure 7.3b). The assembled ceramic crowns were sintered using the 

temperature control listed in Table 7.1. After sintering, the door of the furnace was kept 

70% open so that the temperature decreased gradually to 500°C. The furnace temperature 

was then kept at 500°C for 12 minutes before coming down to room temperature at a rate 

of -30°C per minute. The final product is shown in Figure 7.3c. 
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Figure 7.3 Construction of a bi-layered all-ceramic crown using IPS e.max® and 

VITABLOCS® Mark II with optimized layer thicknesses. 

Diamond grinders and finishers (Easy polishing system, Vident, Brea, CA, USA) 

were used to polish all the fabricated crowns. A Micro-CT scanner (HMX XT H 255, 

Nikon Metrology, Brighton, MI, USA) was used to ascertain whether premature cracking 

due to inadequate laboratory protocols had occurred in the specimens before testing. The 

following CT scan parameters, which had been found to be optimal for scanning human 

teeth and dental materials, were used: a tube voltage and current of 90 kV and 90 μA, 

respectively; an exposure time of 708 milliseconds; a total of 720 projections; and 4 

frames per projection.  

Table 7.1 Firing protocols used for manufacturing the all-ceramic crowns 

Firing Preheating 

temp. [°C] 

Hold time 

[min] 

Temp. rise 

[°C/min] 

End-temp. 

[°C] 

Hold. 

time 

[min] 

Conventional group 

washbake 500 2 55 950 1 

porcelain 500 6 55 900 1 

Optimized group    

Assembled 

bi-layer 

500 6 45 900 1 
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7.2.2 In vitro mechanical test 

The prepared model tooth used for fabricating the ceramic crowns was replicated 

with polymethyl methacrylate resin that had a similar elastic modulus to human dentin. 

Thirty replicates were formed using the same CAD/CAM system for fabricating ceramic 

crowns. Each of them was mounted in a Delrin ring with an orthodontic resin (L.D. Caulk, 

Milford, DE, USA) to simulate the surrounding bone. The fabricated crowns were then 

cemented onto the tooth replicates using resin cement (RelyX™ Ultimate, 3M ESPE, St. 

Paul, MN, USA) and stored in deionized water at 37⁰C in an incubator for 24 hours 

before testing.  

A servo-hydraulic testing machine (MTS 810, MTS, Minneapolis, MN, USA) was 

used to test the load capacity of the individual specimen, which was placed at the lower, 

stationary part of the testing machine. A compressive force was applied on the occlusal 

surface via a stainless steel ball of 6-mm diameter using a loading speed of 0.2 mm per 

minute until final fracture. Loading was stopped immediately when a significant drop in 

load occurred was detected, which indicated major cracking or catastrophic fracture. 

During loading, both the force and displacement of the steel ball was recorded using the 

software LJstream (LabJack Corp., Lakewood, CO, USA) for subsequent analysis. A 

two-channel Acoustic Emission (AE) system was used to monitor subcritical cracking in 

the specimens during loading. An AE sensor was glued onto the lingual surface of the 

crown (Figure 7.4) and signals detected by the sensor were passed through a preamplifier 

with a 40-dB gain. Recording of the signals was performed with the AEwin software 

(Physical Acoustic Coorporation (PAC), Princeton Jct, NJ, USA) using a sampling 
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frequency of 1 MHz. The load-displacement data and the AE results obtained from the 

compression test were processed using the computing software Matlab (MathWorks, 

Natick, MA, USA). AE signals with amplitudes lower than 35 dB were ignored as 

background noise.  

 

Figure 7.4 An AE sensor was glued onto the lingual surface of a specimen to capture 

the cracking events during the in-vitro test. 

 

7.2.3 Data analysis 

The peak load, the accumulated number of AE events, and the amplitude of 

individual AE event for each specimen were extracted for comparison. The mean and 

standard deviation of all the measured values were computed. The two-tailed T-test was 

used to evaluate the statistical significance of the differences in the measured parameters 

between the two groups of crowns.  

 



 

129 

 

7.3 Results 

Before mechanical testing, no visible surface cracks were found on the specimen 

surfaces using the optical microscope, and CT inspections also confirmed that no 

premature cracking occurred within any of the fabricated crowns.  

The AE measurement demonstrated that much less cracking and chipping 

occurred in the group of optimized crowns prior to final fracture, with the mean number 

of AE events per specimen being significantly different between the two groups 

(Conventional group: 3228 ± 2745; Optimized group: 627 ± 346; P-value < 0.001). When 

comparing the times to the first detected cracking event between the two groups of 

specimens, it was found that cracking occurred earlier in the conventional crowns than in 

the optimized ones (Conventional group: 115.75 ± 72.35 seconds; Optimized group: 

156.56 ± 61.24 seconds; P-value = 0.04). From the curves of the accumulated number of 

AE events versus Force (Figure 7.5), it can be seen that the rapid occurrence of AE 

events occurred at a load >1000 N in the crowns from the optimized group and at a much 

lower level of load (~400 N) in the conventional zirconia-porcelain crowns, indicating 

that the conventional zirconia-porcelain crowns chipped or cracked more easily during 

initial loading. There was a relatively quiet period that followed before the number of AE 

events increased sharply again with increasing load up to the point of final fracture. No 

chipping or delamination was found in the crowns with the optimized layout prior to final 

fracture. The mean amplitude of an AE event from the conventional group was slightly 

lower than that from the optimized group (Conventional group: 54.4 ± 0.87 dB; 

Optimized group: 55.7 ± 2.04 dB; P-value = 0.03).  
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The load-displacement curves also demonstrated different failure behaviors 

between the two groups (Figure 7.6). Following the establishment of contact between the 

loading ball and the specimen, the load in the conventional group remained low for a long 

period of time before it increased sharply to reach the value for final failure. This initial 

period with a sustained low load was largely absent in the optimized group.  

Six specimens from the conventional group were found to have their substructures 

fractured totally; the remaining zirconia copings remained intact. No significant 

difference in the final fracture load (Conventional: 1998.9 ± 653.3 N vs. Optimized: 

1810.4 ± 342.1 N; P-value = 0.33) was found between the two groups. The results from 

the mechanical test of the all-ceramic crowns are summarized in Table 7.2.  

 

Figure 7.5 Curves of accumulated number of AE events versus Force from: (a) an 

optimized crown and (b) a conventional crown. 
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Figure 7.6 Load-displacement curves from the compression fracture tests: (a) 

zirconia-porcelain group and (b) optimized group. 

 

Table 7.2 Results from the in-vitro tests of the two groups of all-ceramic crowns 

 Zirconia Optimized 

Sample 

# 

Max. 

Load 

(N) 

No. of 

event 

Mean 

amplitude 

of AE 

signal (dB) 

Time to 

failure 

(second) 

Max. 

Load 

(N) 

No. of 

event 

Mean 

Amplitude 

of AE 

signal (dB) 

Time to 

failure 

(second) 

1 1517.3 3410.0 55.6 452.4 1614.0 1185.0 56.3 330.4 

2 1498.5 1927.0 54.4 452.4 1423.3 642.0 54.2 347.7 

3 1904.1 828.0 55.6 417.9 1584.5 299.0 54.8 249.5 

4 1587.2 1705.0 54.2 334.9 1898.7 538.0 55.9 284.5 

5 1001.7 4093.0 53.8 523.7 1686.5 711.0 55.5 378.5 

6 2261.2 4937.0 53.8 574.6 1479.7 1017.0 53.7 323.9 

7 880.9 1514.0 53.6 574.7 2465.3 297.0 59.5 365.9 

8 1845.0 1511.0 55.0 422.3 2175.3 263.0 58.6 213.7 

9 2658.7 11839 55.8 572.8 1458.3 1124 52.7 379.8 

10 2857.4 2323.0 54.3 411.2 1648.9 676.0 56.0 284.2 

11 1587.2 4461.0 54.4 520.6 1890.6 953.0 53.8 289.4 

12 2462.6 1764.0 52.9 416.7 2132.3 196.0 58.4 226.1 

13 2290.8 4791.0 55.1 414.6 1992.7 187.0 54.5 485.9 

14 2844.0 1424.0 53.5 580.7 1401.9 896.0 54.0 190.0 

15 2787.6 1888.0 53.8 572.8 2304.2 426.0 57.7 349.9 

Mean 1998.9 3227.7 54.4 534.2 1810.4 627.3 55.7 312.1 

±S.D. 653.3 2744.9 0.9 81.4 342.1 345.9 2.0 79.8 

P-value 0.33 0.00 0.03 0.00     
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7.4 Discussion 

A large amount of micro-cracking occurred within the veneering porcelain of the 

conventional crowns during the early stage of loading. This was why the load remained 

low initially with increasing displacement in this group (Figure 7.6). Only when the 

loading sphere had gone through the porcelain layer and made direct contact with the 

zirconia coping, did the load begin to increase rapidly with displacement. In contrast, the 

load in the optimized group increased more quickly with increasing displacement 

following the establishment of contact with the loading sphere. No chipping or 

delamination occurred prior to final fracture. The average final fracture load of the 

optimized group was comparable to that of the conventional design (1998.9 ± 653.3 N vs. 

1810.4 ± 342.1 N; P-value = 0.33). However, under a load that is equal to the averaged 

maximum bite force, 500 N for men and 400 N for women [293], the conventional 

crowns would produce more cracking than the optimized crowns, as shown by the AE 

measurements in Figure 7.5. Clinically, even a small chip in the crown will be considered 

as restoration failure. If the first cracking event as detected by AE was used to evaluate 

the mechanical performance of the crowns, the optimized layout can be seen to 

significantly postpone failure of the crown. These results confirm the numerical 

simulation in Chapter 6 that shows that the optimized design can better distribute the 

stresses to delay the onset of cracking.  

The crowns made with the traditional layering technique usually need a silicone 

mold for checking the final morphology. This is because the build-up of the porcelain 

veneering layer is a manual process and the material shrinks following sintering. That is 
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why the porcelain veneer needs to be made 20-25% larger initially. The two ceramic 

materials used in the optimized crown, IPS e.max® and VITABLOCS® Mark II, do not 

have the problem of firing shrinkage. Therefore, when preparing each ceramic layer, it is 

not necessary to oversize them to compensate for shrinkage. The CAD/CAM process can 

reproduce the required morphology with high precision. Although morphological 

inconsistency is not a main clinical concern, the time spent on occlusal adjustments can 

be significantly reduced if a dental crown or bridge can be fabricated precisely.  

It has been documented that the conventional layering technique resulted in a high 

rate of chipping in the porcelain veneer, about 20% after 3 years [294], and 15% [295] 

and  30% [92] after 5 years. This is because the manual layering process often introduces 

fracture-causing voids and flaws in the veneering porcelain [296]. For the bi-layered 

crowns with the optimized material layout, a simpler but more advanced laboratory 

protocol can be applied for their fabrication. By sintering two layers of different 

CAD/CAM ceramics together, the fracture-causing flaws can be minimized. Materials 

with matching coefficients of thermal expansion and a suitable temperature control in the 

sintering process need to be used to prevent premature failure of the crowns through 

residual stresses.  

Other laboratory protocols can also be considered in the future for making the 

layered crowns.  For example, the ceramic layers can be sintered separately first and then 

connected together using a suitable bonding agent. The advantage of this method is that 

the residual stress can be minimized; however, inadequate strength of the bonding agent 

may lead to interfacial failures. Another example is provided by the computer-aided 
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overpress (CAO) technique [297]. A pressable ceramic material is pressed onto the 

surface of the substructure, also designed by a CAD/CAM system. A clinical study [298] 

evaluated nineteen individuals with twenty-one all-ceramic restorations made with the 

CAO technique, and no chipping of the veneering porcelain was found over 3 years. The 

authors then kept track of these individuals up until 44 months, and only two restorations 

need to be replaced. One molar restoration fractured due to insufficient thickness of the 

zirconia coping, which was only 0.3-mm thick at the fractured site, and the other one 

failed due to loss of retention. A systematic review [299] also found that the CAO 

technique resulted in better clinical outcomes than the conventional layering technique. 

When this technique is considered, the CTE of the ceramic materials still needs to be 

properly matched. 

7.5 Conclusion 

The present in-vitro study validated the dental crown design based on the 

optimized material layout derived in Chapter 6. The optimized crown suffered from far 

less chipping before final fracture than the conventional design. Dental crowns with the 

optimized material layout are expected to perform better clinically than the current all-

ceramic restorations, while its cost can be as low as that of the conventional metal-

ceramic restorations. The potential for this new crown design is, therefore, very 

significant.  
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Chapter 8 A study on the mechanical anisotropy of human enamel due 

to directional enamel rod orientations 

8.1 Background 

The enamel of human teeth is predominately (96%) composed of hydroxyapatite 

(HA) minerals, with the remaining 4% being mainly water and a very small amount of 

proteins that hold the HA minerals together [300]. These HA minerals are arranged in a 

hierarchical manner at three different levels. The complex hierarchical structure starts 

with the smallest units of needle-like HA crystallites. The dimensions of these HA 

crystallites are about 68 nm in length and 26 nm in thickness [301]. They are bundled 

together by a 2-nm thick protein layer to form structures at the next hierarchical level: the 

enamel rods [301, 302]. At this level, the orientation of the HA crystallites can be seen to 

vary within an enamel rod. The HA crystallites in the central region of the rod are 

oriented parallel to the longitudinal axis of the rod, while those near the edge of the rods 

are oriented at 45⁰ [153] (Figure 8.1a). In a finite element (FE) simulation [154], the 

longitudinal and transversal elastic moduli of a HA crystallite were first computed using 

a simple composite theory with the following equations: 

𝐸𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 = 𝑉𝐻𝐴𝐸𝐻𝐴 + (1 − 𝑉𝐻𝐴)𝐸𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑡𝑖𝑠𝑠𝑢𝑒 

𝐸𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑎𝑙 = 1/ {(𝑉𝐻𝐴/𝐸𝐻𝐴) + ((1 − 𝑉𝐻𝐴)/𝐸𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑡𝑖𝑠𝑠𝑢𝑒)} 

where 𝑉𝐻𝐴 is the volumetric fraction of the HA, 𝐸𝐻𝐴is the elastic modulus of the HA (114 

GPa) and 𝐸𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑡𝑖𝑠𝑠𝑢𝑒is the elastic modulus of the organic tissues surrounding the HA 

(4.3 GPa). When 𝑉𝐻𝐴 was increased from 0.81 to 0.99, the elastic modulus of the HA 
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crystallite increased from 93 to 113 GPa and from 19 to 91 GPa in the longitudinal and 

transversal direction, respectively. These computed longitudinal and transversal elastic 

moduli of the HA crystallite were then assigned to a prismatic model for the enamel rod 

(Figure 8.1). The resulting elastic moduli within the enamel rod were found to be 

dependent on both the chemical composition and crystal orientation. These location-

specific orientations of the HA crystallites make the enamel rods behave anisotropically. 

The oblique crystal orientation in the peripheral region of the rods results in a lower 

transverse elastic modulus [154] of the entire rod. It has been shown that the lower 

transverse elastic modulus, which is close to the elastic modulus of dentin, helps reduce 

the interfacial shear stress across the dentin-enamel junction [155]. 

 

Figure 8.1 (a) The orientations of HA crystallites within an enamel rod. (b) The 

orientations for assigning the longitudinal elastic modulus of the HA crystallite to 

each element of a FE enamel rod model. (c) The FE model for enamel used in [154]. 

The enamel rods have a keyhole-shaped cross-section with a circular head of 5-

µm diameter and a tail of 2-µm length. Each enamel rod is encapsulated with a protein 

sheath of about 800 - 1000 nm thick and is closely packed in parallel with other rods in a 

centered cubic arrangement. The protein matrix that separates the enamel rods also gives 



 

137 

 

enamel the lower transverse modulus. The rods extend from the dentin to the outer 

enamel surface in a direction perpendicular to the dentino-enamel junction.  

The orientation of the enamel rods defines the last hierarchical level. They lie 

perpendicularly to the outer tooth surface so they gradually change from vertically-

oriented in the occlusal third to horizontally-oriented in the middle third [150] (Figure 

2.1b). In addition, the enamel rods within the cusp tips of molars are twisted together to 

form the so-called “gnarled enamel” with increased fracture resistance [300]. Material 

properties such as the elastic modulus and yield strength vary at each hierarchical level, 

and they have been measured with indentation techniques using different sizes of 

indenters [303]. 

Studies using nanoindentation have indicated that the mechanical properties of 

enamel are fundamentally altered by the rod orientation [145, 233, 258, 259]. The friction 

and wear of human teeth also vary significantly with the orientation of the enamel rods, 

which in turn depends on the region of the tooth [151]. A lower coefficient of friction, 

and thus, higher wear resistance was found in the occlusal region [151]. This 

phenomenon can also be observed in dentin, the friction and wear behaviors of which are 

determined by the orientation of the dentinal tubules [260]. As mentioned above, several 

studies have attempted to numerically simulate the hierarchical structure of enamel [154, 

261, 262, 264, 265]. The results from these studies indicated that both the crystal 

orientation within each rod and the rod arrangement within the enamel are optimized for 

effective load transfer, high wear resistance, and high fracture strength.   
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The effects of enamel anisotropy on the stress distribution within a tooth was 

investigated in the early 90s [155] using a semicircular model (Figure 8.2). The results 

showed that the occusal load was channeled through the enamel if it was assumed 

isotropic, while the anisotropic enamel transferred the load directly into the tougher 

dentin. Similar results were obtained with a two-dimensional model of a premolar [155]. 

This effect is very important for preventing enamel, which is vulnerable to tensile stress, 

from fracturing or cracking. Due to the limited computing power at the time, the model 

was very simple, the FE meshes were coarse, and the aspect ratios of the elements were 

also poor, which could cause numerical inaccuracy. 

 

Figure 8.2 A semicircular model for investigating the effects of enamel anisotropy 

on stress distribution within a tooth [155]. 

This chapter presents an investigation on how the anisotropic characteristic of the 

human enamel can influence the stress distribution within a tooth by using more 

representative models. The simple semicircular model as that described in [155] was first 

analyzed to verify if the same results could be obtained. Then, a dual semicircular model 
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was used to simulate a bicuspid tooth. Finally, the anisotropic characteristic of the enamel 

was analyzed using a model with realistic tooth geometry. It is hypothesized that the 

enamel anisotropy can better distribute the stress within a tooth. 

As described in Chapter 1, one of the dental restorative materials, fiber reinforced 

composite (FRC), also possesses anisotropic material properties. While the veneering 

resin is homogenous and isotropic, the unidirectional fibers give the composite a 

heterogeneous structure with longitudinal and transverse elastic moduli/strength of 

different magnitudes. Thus, the orientation of the fiber substructure with respect to the 

directions of the occlusal load plays an important role in the mechanical performance of 

the FRC restoration. This is similar to the effect of enamel’s anisotropy on its mechanical 

behavior, as demonstrated by the simple example given above. FRC materials are 

increasingly being used for fabricating dental restorations. Thus, to design stronger dental 

restorations using this type of material, it would be useful to examine in more detail the 

effect of mechanical anisotropy on the stress distributions within the human tooth. The 

results may then be aptly applied to dental prostheses design. 
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8.2 Materials and Methods 

8.2.1 Modelling technique 

All the FE models used in this chapter were constructed using the software 

HyperMesh (Version 11.0, HyperWorks, Altair Engineering, Troy, MI, USA). The 

models were analyzed using the solver ABAQUS Standard (Version 6.10 EF-1, Dassault 

Syetemes Simulia, Waltham, MA, USA). The anisotropic characteristic of the enamel 

was defined by assigning a material orientation to each element within the enamel layer 

using a method called “Discrete Orientation” (ABAQUS/CAE User's Manual, 12.16: 

Using discrete orientations for material orientations and composite layup orientations.). It 

allows the user to assign a spatially varying orientation to a section of the model by 

assigning the normal axis and the primary axis. The normal axis used in the following 

models is the out-of-plane axis (z-direction) and the primary axis, perpendicular to the 

free surface, varies along the surface of the tooth; see Figure 8.3. In this manner, the 

anisotropic characteristic of the enamel with a higher Young’s modulus along the primary 

axis can be defined easily. The maximum principal stress distribution and the reaction 

force from the base were compared between the models with isotropic and anisotropic 

properties. 
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Figure 8.3 The varying material orientations in the enamel that allow anisotropic 

properties to be defined. To show them more clearly, the material orientations were 

only shown on some elements. The blue arrows indicate the longitudinal direction of 

the enamel rods, the orange the transverse direction. 
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8.2.2 A semicircular model of a tooth crown 

 A two-dimensional FE model of a semicircle, with a uniform out-of-plane 

thickness of 10 mm, was constructed to represent a tooth crown. This model was 

composed of an inner semicircle of 3.5-mm radius and a 1.5-mm thick outer layer to 

simulate the dentin and enamel, respectively (Figure 8.4). A vertical concentrated load of 

200 N was applied to the topmost node of the model. The bottom of the model was fully 

constrained. The mechanical properties for each material, assumed to behave linear 

elastically, are listed in Table 8.1. For the anisotropic case, a longitudinal elastic modulus 

of 84.1 GPa and a transverse elastic modulus of 10 GPa were assumed for the enamel. 

The other materials’ properties remained the same as those in the isotropic model. The 

types of element used were quadrilateral and triangular plane-strain elements (CPE4I and 

CPE3 [190]) and their size was approximately 0.1 mm in length. The model consisted of 

1190 nodes and 1131 elements in total.  

 

Figure 8.4 The FE mesh of the semicircular model of a crown. 
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Table 8.1 The material properties used in the FE models 

Material Elastic modulus (GPa) Poisson’s ratio Ref. 

Enamel (Isotropic) 84.1 0.3 [191] 

Enamel (Anisotropic) 84.1 (longitudinal);  

10 (transverse) 

0.3  

Dentin 18.6 0.31 [192] 

Cortical bone 13.7 0.3 [193] 

Cancellous bone 1.37 0.3 [193] 

Pulp 2.07x10-3 0.45 [194] 

Zirconia 210 0.3 [244] 

 

8.2.3 A simple model of a bicuspid tooth 

 This simple two-dimensional model of a bicuspid tooth was composed of two 

semicircles of 2.5 mm radius and a 2 mm by 10 mm rectangular box. The semicircles 

were used to simulate the tooth cusps and the rectangular box formed the middle third of 

the tooth structure (Figure 8.5). A uniform layer of 1 mm thick lining the outer surface 

represented the enamel. A semicircle of 2 mm diameter was placed between the two 

cusps to load the model. Its material properties were the same as those of the isotropic 

enamel. A uniformly distributed load of 400 N was exerted at the top surface of the 

loading semicircle. Again, the bottom of the model was constrained in all directions. The 

material properties and the technique for assigning anisotropic properties to the enamel 

were the same as those described previously. The same out-of-plane thickness, mesh size 

and element types were used. The resulting model had a total of 4511 nodes and 4401 

elements.  
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Figure 8.5 The FE mesh of a simple bicuspid tooth model. 

 

8.2.4 A geometrically realistic tooth model  

A human maxillary first premolar was scanned using a micro-CT scanner (HMX-

XT 255, X-tek system, United Kingdom) to obtain its internal as well as external 

geometry. A two-dimensional model of the premolar was constructed using the image 

slice from the central sagittal plane of the reconstructed volume (Figure 8.6). Again, a 

semicircle of 2-mm radius was used to load the tooth in between the cusps. A uniformly 

distributed load of 800 N was exerted at the top surface of the semicircle. A rectangular 

block 14.5 mm high with a 1.5 mm thick top layer was used to represent the surrounding 

cancellous and cortical bone. All the nodes at the bottom edge of the bone block were 

fully fixed to serve as the boundary condition. The same material properties, out-of-plane 

thickness, mesh size, and element types as those for the previous models were used for 
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the dentine and enamel. The mesh for the bone, however, was coarsened by about a factor 

of 2 to minimize computational cost.  

 

Figure 8.6 The FE mesh of a human premolar model. 
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8.3 Results 

8.3.1 Results from the semicircular model 

The plots of the maximum principal stress vectors from the present study show 

very similar patterns to those from [155]. They also show that, with an isotropic enamel 

layer, the load path was mainly through the enamel. On the other hand, when the enamel 

was anisotropic, most of the load was transferred directly into the dentin (Figure 8.7). 

This was reflected in the higher reaction forces at the bottom of the dentin region when 

the enamel was anisotropic (Figure 8.8). From the contour plots of the maximum 

principal stress, much higher tensile stress concentrations can be found at the DEJ near 

the load and support points in the isotropic model, while stresses were distributed more 

uniformly in the anisotropic model (Figure 8.9). These can be seen more readily in the 

line plots of the same stress entity along the DEJ (Figure 8.10). 
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Figure 8.7 Plots of the maximum principal stress vectors in the isotropic model (top) 

and anisotropic model (bottom). 

 

Figure 8.8 Distributions of the vertical reaction force along the base of the two 

semicircular models. 



 

148 

 

 

Figure 8.9 The maximum principal stress contour plots of the two semicircular 

models. 

 

Figure 8.10 Values of the maximum principal stress along the dentino-enamel 

junction of the two semicircular models. 
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8.3.2 Results from the simple bicuspid tooth model 

The plots of the maximum principal stress vectors (Figure 8.11) indicate that the 

load path was mostly directed into dentin, and the concentrations of the maximum 

principal stress were absent with an anisotropic enamel layer. Figure 8.12 shows that the 

distribution of the reaction force at the bottom was more uniform in the anisotropic model, 

while the reaction forces in the enamel of the isotropic model remained high. 

From the contour plots of the maximum principal stress, higher stress 

concentrations could be found at the DEJ in the isotropic model, while stresses were 

distributed more uniformly in the anisotropic model (Figure 8.13). The maximum 

principal stress along the DEJ is plotted in Figure 8.14. Two peaks of relatively high 

stresses can be found near the loading point in the isotropic model. For both models, high 

stresses can be found at their central fossae. 
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Figure 8.11 Plots of the maximum principal stress vectors in the isotropic model (top) 

and anisotropic model (bottom). 

 

Figure 8.12 The vertical reaction force along the bottom of the simple bicuspid 

models. 
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Figure 8.13 The maximum principal stress contour plots of the two simple bicuspid 

tooth models. 

 

Figure 8.14 Values of the maximum principal stress along the dentino-enamel 

junction of the bicuspid models. 
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8.3.3 Results from the realistic tooth model 

 From the contour plots of the maximum principal stress, higher stress 

concentrations were found at the DEJ near the buccal and lingual dentin horns in the 

isotropic model. The maximum principal stress decreased from 127.8 MPa in the 

isotropic model to 103.8 MPa in the anisotropic model (Figure 8.15). The values of the 

maximum principal stress along the DEJ from the buccal side to the lingual side are 

plotted in Figure 8.16. Same as the simple bicuspid tooth model, two peaks of relatively 

high stresses occurred around the buccal and lingual dentin horns in the isotropic model. 

In contrast, the stress distribution in the anisotropic model was more uniform and lower 

stress values could be found along the DEJ.  

 

Figure 8.15 The maximum principal stress contour plots of the two human premolar 

models. 
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Figure 8.16 The values of the maximum principal stress along the dentino-enamel 

junction of the two human premolar models. 
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8.4 Discussion 

The discrete orientation method available in ABAQUS allowed varying material 

orientations to be assigned efficiently to elements in a FE model of complicated geometry. 

The results generated by the semicircular model were comparable to those reported in 

[155]. 

Due to technical limitation in defining material orientation in the past, for 

simplicity, the mesh used in [155] was concentrically symmetric. This resulted in non-

uniform element sizes, with the outer elements being much larger than those close to the 

center. The inner elements also had less than ideal aspect ratios (Figure 8.2). In fact, a 

semicircular model using the same mesh as that in [155] was first created for the present 

work. The calculated stress distributions were discontinuous and stress singularities could 

be found near the center of both the isotropic and anisotropic models. This was attributed 

to the triangular elements there having very sharp angles and large aspect ratios. To 

obtain smoother and more accurate stress distributions, the model was re-meshed with 

smaller and more regularly shaped quadrilateral elements.  

Because the ratio between the elastic moduli of the enamel in the longitudinal and 

transverse directions was not well known, the present study applied a ratio of about eight 

similar to what was used in previous studies [155, 304]. Using anisotropic ratios of two, 

four and eight, it was concluded  that changing the ratio of enamel anisotropy had little 

effect on the stress distribution over the range of values considered [155].  

Although the geometry of the bicuspid model was more complicated than the 

semicircular model, the advantage of having mechanical anisotropy in the enamel for 
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transferring the load to the underlying dentin was still evident. The peak maximum 

principal stress near the central fossa, however, was increased when mechanical 

anisotropy was introduced into the enamel. The opposite was observed in the realistic 

human premolar model. This discrepancy was attributed to the very simplified geometry 

of the bicuspid models: the central fossa in these models had the shape of a very sharp 

fissure, which gave rise to a stress singularity. This problem has been considered in more 

detail in Chapter 5 with a more geometrically realistic model.  

The results presented in this chapter have shown that the mechanical anisotropy of 

enamel can help transfer the occlusal load more effectively into the underlying dentin, 

thus limiting the stresses in the more brittle enamel [155]. Furthermore, much higher 

tensile stress concentrations can be found at the DEJ near the load and support points 

when isotropic properties are assumed. These are the points where chipping and fracture 

are often seen in all-ceramic crowns. Therefore, a crown with anisotropic properties is 

expected to reduce these failures. In effect, the anisotropy decouples the horizontal 

connections between the enamel rods. In this way, compressive stresses are transferred 

directly into the dentin without creating transverse stresses or bending moments within 

the enamel. This is akin to the better supporting action of mattresses that are composed of 

closely packed but unconnected springs. More importantly, the direction of the maximum 

principal stress was found to align better with the stronger primary axis of the enamel 

when anisotropy is present. The same principle could be applied to the design of FRC 

restorations, even though the stresses of concern are mainly tensile and not compressive.  
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8.5 Conclusion 

It has been found that enamel’s anisotropic property plays an important role in 

reducing unfavorable stresses within the enamel. Without this directional characteristic, 

bending, and hence, potentially damaging tensile and shear stresses would be generated 

in the brittle enamel layer. By aligning their long axis along the perpendicular direction to 

the occlusal surface and decoupling the horizontal connections, the enamel rods would be 

subjected mainly to compressive stresses, which transfers the occlusal load more 

effectively into the underlying dentin. In a similar vein, FRC bridges must be effective in 

using their unidirectional fibers to transfer tensile loads. Any misalignment between the 

fibers and the tensile stresses would create undue stresses in the resin matrix that can 

cause delamination or fracture. This problem will be addressed in Chapter 9. 
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Chapter 9 Shape optimization of a 2-unit inlay-retained fiber-reinforced 

composite cantilevered bridge 

9.1 Background 

During the past few decades, new developments and improvements of dental 

adhesive materials resulting in higher bonding strength have changed the design of dental 

prostheses. Adhesive fixed partial denture (AFPD) was first introduced by Ibsen [305, 

306] and Rochette [307] in 1973. Since then, it has been recognized as a minimally-

invasive treatment option for caries-free dentition. In the earlier designs, the retainer of 

AFPD was mainly fabricated as a thin wing-shaped plate of metal alloy for the anterior 

region and box-shaped inlay or C-shaped clasp for the posterior dentition (Figure 9.1). 

These retainer designs for AFPDs follow the treatment philosophy of minimally invasive 

dentistry, which is to preserve healthy tooth tissue [308].  

 

Figure 9.1 Various types of retainer for AFPD: (a) a thin wing-shaped plate of metal 

alloy for the anterior region. (b) C-shaped clasp for the posterior dentition [309]. 

To satisfy patients’ demand for esthetics, in the mid-1980s, metallic materials 

used for the substructure of AFPDs were replaced with tooth-colored ceramic materials 
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[310] or fiber-reinforced composite (FRC) resins [311]  . The brittle nature of ceramic 

materials required larger connector dimensions, and hence, more tooth tissue removal. 

This went against the principle of minimally invasive dentistry, and significantly limited 

their clinical application [121, 124]. FRC bridges  can retain the major advantage of 

minimal invasion in AFPDs, while providing metal-free and tooth-colored prosthetic 

reconstruction with excellent esthetics. Therefore, using FRC systems to fabricate AFPDs 

has received increasing attention from dentists and dental technicians.  

Clinically, the ideal indication of FRC restoration is single tooth replacement. 

Depending on the periodontal status of the abutment teeth, the position of the missing 

tooth, individual’s occlusal force, or any existing parafunctional habits, the type of 

restoration can be conventional dental bridges, supported by two abutments at both ends 

of the edentulous area or cantilevered dental bridges, supported at only one end [311]. 

The retainer of the FRC restoration does not have to be a full-coverage crown; an inlay-

retained design, which can further decrease the amount of unnecessary tooth reduction, is 

preferred. Current designs of FRC bridges do not have an adequate lifespan. In a 

systematic review of FRC fixed partial dentures, which evaluated FRC fixed partial 

dentures with different types of framework design, including inlay-retained, surface-

retained, and complete coverage crown-retained, the mean survival rate was 73.4% at 4.5 

years [114]. The main failure mode was delamination at the interface between the fibers 

and the resin matrix [115-119]. Fractures also occurred at the loading point [117, 118, 

120], the pontic, and the connectors linking the pontic to the abutments [121-123]. In 

comparison with the survival rate of metal-ceramic fixed partial dentures, 96.4% over 5 

years [312], the durability of FRC fixed partial dentures needs to be improved. 
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Current FRC systems have excellent flexural strength. For example, the flexural 

strength of the Fibrekor/Sculpture system (Pentron Clinical, USA) can be up to 1400 

MPa. Moreover, a study using standardized bar specimens to evaluate the probability of 

failure of veneered structures, including unidirectional glass FRC (FibreKor/Sculpture), 

bidirectional glass FRC (Vectris/Targis), glass-infiltrated alumina (In-Ceram 

Alumina/Vita alpha) and zirconia-reinforced glass-infiltrated alumina (In-Ceram 

Zirconia/Vita alpha), found that the failure load of FRC specimens at 10% failure 

probability were not significantly different from metal-ceramic specimens [313]. In spite 

of the similar failure load, the clinical survival rate of FRC dental restoration is still not 

favorable. Several studies have shown that the main contributing factor of clinical failure 

is inappropriate fiber orientation and position [125-128].  

Instead of using stronger materials, the mechanical performance of FRC 

restorations can be improved by altering the layout of the constituent materials according 

to the load paths through the structure. Many studies have aimed to determine the optimal 

fiber position and orientation for the FRC system [129-133] to extend the lifespan of FRC 

fixed partial dentures. The usual evaluation method was to mechanically test a particular 

design to failure. This load-to-failure approach has several drawbacks, for example, high 

material costs, time-consuming specimen preparation, and difficulty in controlling 

specimen dimensions. Furthermore, it is not straightforward to determine the influence of 

material layout on the stress distribution within the structure to guide the design process. 

Numerical simulation, such as finite element analysis, has been used to help improve the 

design of FRC structures by providing a better insight into the overall stress distribution 

[125-128, 156-159]. Several finite element analyses of posterior 3-unit FRC bridges 
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indicated the presence of tensile stress concentrations at the bottom of the pontic and in 

the connector regions [125-128]. According to these numerical predictions, inadequate 

fiber reinforcement in these regions will lead to clinical failure. 

Although finite element analysis can help researchers compare structural stress 

distributions among different designs, one often needs to modify the design and analyze 

the results repeatedly before arriving at a satisfactory solution. This “trial-and-error” 

process is very time-consuming and it is often not possible to confirm if the final design 

is really optimal. To accelerate the design process, modern structural optimization 

techniques, which are widely used in designing engineering components and structures, 

can be used to design dental implants and bridges. Some of these techniques have been 

covered in detail in Chapter 2. Amongst these, techniques inspired by the adaptive 

growth of biological structures have proven to be very effective in producing structures 

that are optimal in terms of stress distribution. 

In a recent study, the so-called stress-induced material transformation (SMT) 

technique, which is a variant of the Computer Aided Optimization (CAO) method 

developed at the Karlsruhe Research Center, was used in conjunction with the finite 

element method to optimize the FRC substructure layout of a 3-unit fixed partial denture 

[314]. This was achieved by gradually reinforcing the regions with high tensile stresses 

with FRC material such that the fibers were aligned with the direction of the maximum 

principal stress. Using the SMT technique, parameters such as the volume, position and 

orientation of the fibers in a dental restoration can be simultaneously optimized according 

to the stress distribution. The optimization analysis indicated a U-shape FRC substructure 
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for the 3-unit inlay-retained dental bridge that followed the bottom profile of the pontic. 

The results of the finite element stress analysis showed that the proposed optimized 

design significantly reduced the highest maximum principal stress in the veneering 

composite at both the connector and pontic positions. In vitro mechanical tests to validate 

this optimized design have been performed, and the results strongly support the 

numerical prediction. In comparison with the conventional design, the optimized group 

showed much less micro-cracking under the same loading condition. Details on the 

validation of this 3-unit inlay-retained FRC dental bridge will be described in Chapter 10. 

This chapter aimed to optimize a more challenging restoration, namely, the 

posterior 2-unit cantilevered dental bridge. The cantileverd bridge requires an optimal 

abutment cavity design for its bond strength and an optimal fiber layout for its structural 

strength. The advantages of a cantilevered dental bridge are: less tooth removal, easier 

oral hygiene maintenance, and lower cost [315]. For patients who have a missing tooth 

space less than 7 mm and caries-free neighboring abutments, or with financial concerns, 

this type of restoration can be a viable treatment alternative [316]. A retrospective study 

by Botelho et al. [317] on thirty-three 2-unit cantilevered fixed partial dentures reported 

that the mean lifespan of these prostheses was 65 months, which is satisfactory for 

interim purpose but needs to be improved for permanent use. They also reported that 

tooth mobility due to periodontal diseases or inadequate periodontal support would 

compromise the treatment prognosis. The clinical failures of 2-unit cantilevered fixed 

partial dentures, especially the inlay-retained ones, are largely through loss of retention. 

Given that there is only one abutment, the connecting area through which the load is 

transferred from the pontic to the abutment is smaller than that for the 3-unit fixed partial 
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denture with two abutments. This makes the design of the cavity preparation that houses 

the connector very challenging. To optimize the design of the 2-unit fixed partial bridge, 

the fiber arrangement within the structure and the cavity preparation on the abutment 

have to be considered.  

In this Chapter, the SMT technique will be used to optimize structurally the 2-unit 

cantilevered FRC fixed partial denture. The mechanical performance of the optimized 

design has also been validated using in vitro tests, the details of which will be described 

in Chapter 10 together with those for the 3-unit bridge. 
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9.2 Materials and Methods 

Shape optimization of the 3-unit inlay-retained FRC fixed partial denture was 

performed by Shi and Fok [318]. A similar method wasused in this work for optimizing 

the 2-unit cantilevered FRC dental bridge. Because the cantilevered design has a single 

retainer, one should first consider lowering the interfacial tensile stress at the abutment-

pontic connection to reduce the risk of debonding. To achieve this, a two-step approach 

was adopted for the shape optimization of the 2-unit inlay-retained cantilevered bridge in 

this study.  

9.2.1 Finite element model construction 

 A human mandibular first molar and a second premolar were embedded in 

orthodontic resin to form a physical model (Figure 9.2a). Then, a two-step (putty/wash) 

impression of this physical model was taken using a partial tray (Kwik-Tray, Kerr, USA) 

with heavy-bodied consistency (Imprint™ 3 Quick Step Heavy Body (injection type), 3M 

ESPE, USA) followed with light-bodied (Imprint™ 3 Quick Step Regular Body 

(injection type), 3M ESPE, USA) vinyl polysiloxane impression materials  (Figure 9.2b). 

An initial impression was made using only the heavy-bodied impression material to form 

a custom tray that could provide a space for the secondary wash impression. After the 

heavy-bodied impression material had set, the material within a perimeter that was 

approximately 2mm away from the teeth was removed. The light-bodied material was 

syringed over this custom tray to make the secondary wash impression. A stone material 

(Die-Keen, Columbus Dental, St. Louis, MO) was then poured into the impression mold 

to form a working cast (Figure 9.2c). The premolar portion was removed from the 

working cast using the cast trimmer, and the remaining molar portion was fitted back into 
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the original impression mold (Figure 9.2d). A composite resin (Filtek Z250 universal 

composite, 3M ESPE, USA) was used to fill up the space for the premolar to build up a 

pontic without a retainer (Figure 9.2e). Finally, a second-premolar pontic was fabricated 

and attached to the mesial surface of the molar with resin cement (Figure 9.2f). 

 

Figure 9.2 Construction of the physical model for the mandibular first molar 

attached with a second-premolar pontic. 
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The whole entity was scanned using a micro-CT scanner (HMX-XT 255, X-tek 

system, United Kingdom) with a tube voltage of 100 kV and a tube current of 170 μA. A 

total of 720 projections and four frames per projection were taken. The acquired images 

were reconstructed into a three-dimensional (3D) volume using the software CT Pro 3D 

(Nikon Metrology, Brighton, MI, USA). A central slice from the frontal plane of the 3D 

reconstructed image stack was selected for the construction of a two-dimensional (2D) 

finite element model. The selected image was exported to the software SolidWorks 

(Version 2011, Dassault Systèmes SolidWorks Corp., Waltham, MA, USA) as a 

reference sketch for creating the finite element model. Due to its simplicity and the quick 

turnaround, the 2D model was used extensively in the beginning to test the functionality 

of the structural optimization subroutine and to perform parametric studies. 

For the 3D finite element model, segmentation of the three-dimensional volume 

was performed using the software Avizo 6.0 (Visualization Sciences Group, Burlington, 

MA, USA) to divide it into its constituent materials, i.e. enamel, dentin, bone and 

composite resin. The three-dimensional surface for each component was created and then 

exported as a stereolithography (STL) file. The STL file was imported into the software 

Hypermesh 10.0 (HyperWorks, Altair Engineering, Troy, MI, USA) for finite element 

model construction.  

Because the present study mainly focused on the stress distributions within the 

restoration and the abutment tooth, the morphology of the mandibular jaw bone, which 

was sufficiently far away from the regions of interest, need not be modeled accurately. 

Thus, a rectangular block of 11-mm thick with a 2-mm thick top layer , which 



 

166 

 

represented the cancellous and cortical bone, respectively, was used to simulate the 

surrounding bone tissues (Figure 9.3). In addition, the mesh density of the bone block 

was made coarser than those in the restoration and tooth structure to reduce 

computational cost. The entire finite element model contained 26,636 nodes and 134,863 

4-node tetrahedral elements (C3D4 [319]). All the interfaces were assumed to be tied 

perfectly in the finite element model. The material properties for each component are 

listed in Table 9.1. A concentrated force of 200 N was applied on the mesial fossa of the 

premolar pontic to simulate the worst chewing scenario. The boundary condition was 

defined such that all displacements were fixed at the bottom of the bone structure.  

 

Figure 9.3 The finite element model of the 2-unit cantilevered bridge. 
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Table 9.1 Material properties used in the finite element model of the 2-unit 

cantilevered bridge 

Material Elastic Modulus (GPa) Poisson’s 

ratio 

Ref. 

Enamel 84.1 0.33 1 

Dentin 18.6 0.31 2 

Cortical Bone 13.7 0.3 3 

Cancellous Bone 1.37 0.3 3 

Composite 14 0.31 4 

Glass Fiber Ex  37 

Ey  9.5 

Ez  9.5 

Vxy  0.27 

Vxz  0.34 

Vyz  0.27 

Gxy  3.1 

Gxz  3.5 

Gyz  3.1 

 5 
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9.2.2 Two-step shape optimization 

Shape optimization of the 2-unit cantilevered bridge was carried out in two steps 

using the software ABAQUS 6.10-EF1 (Dassault Systèmes Simulia, Waltham, MA, USA) 

in conjunction with a user-defined material subroutine that defined the constitutive model 

of a material according to its stress state. The first step of shape optimization was to 

obtain the optimal shape for the cavity preparation/retainer on the abutment by applying 

the subroutine to the tooth tissues only. Then, with the optimized retainer, the subroutine 

was applied to the restoration to seek an optimal fiber layout. 

In the first step, the enamel and dentin of the abutment tooth were assigned with 

the User-Material in the input file so that they would call the SMT subroutine to update 

their solution (stress)-dependent material properties during the stress analysis. Initially, 

the material properties of these tooth tissues were set the same as those listed in Table 9.1. 

Subsequently, their elastic moduli were modified according to the predicted local stresses 

using the SMT subroutine to reduce the interfacial stress between the abutment tooth and 

the retainer. To this end, all elements within the tooth with stresses larger than the 

assumed failure stress were given the properties of the “softer” composite resin material. 

All other parameters, including the material properties for the remaining tooth tissues and 

bones, the applied load, and the boundary conditions, were kept the same during the 

whole analysis. In this way, a retainer with minimal interfacial stress gradually grew from 

the pontic into the abutment tooth. 

In the second step, an inlay retainer was created within the abutment tooth using 

the cavity design derived in the previous step. The material properties of the remaining 
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enamel and dentin were reverted back to those constant values listed in Table 9.1 while 

the restoration was assigned with those of the User-Material that now assumed the 

properties of the unidirectional fibers. To obtain a proper fiber-reinforcing layout within 

the restoration, veneering resin composite material with local stresses higher than the 

assumed failure stress was gradually replaced with the “stronger” fiber material. Also, 

one important feature of the SMT subroutine was that it aligned the fiber automatically 

with the direction of the maximum principal stress.   

There is a wide range of values reported for the bond strength between tooth and 

restoration and the fracture strength of resin composite material. A parametric study was 

performed to understand the effect of changing the assumed bond strength on the shape 

of the cavity preparation and that of changing the strength of resin material on the fiber 

layout. The failure stress was based on the bond strength of the resin material in the first 

step for the cavity design and on the fracture strength of the resin material in the second 

step for the FRC bridge design.  For both steps, the assumed failure stress ranged from 5 

to 30 MPa, in steps of 5 MPa. The material transformation process would continue 

iteratively until the results converged.  
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9.2.3 Final comparison between the conventional and optimal designs 

A step-box shaped cavity/retainer was used for the conventional 2-unit 

cantilevered FRC dental bridge [156, 320]. The width of the box started at 2.5 mm in the 

mesial fossa of the first premolar and increased to 3.5 mm on the marginal ridge.  The 

depth of the occlusal inlay was 2 mm and the occlusal step was 4 mm (Figure 9.4). The 

glass fiber was horizontally placed and fully embedded with composite resin in the 

middle third of the connector region and the mesial part of the pontic (Figure 9.4). The 

designs provided by the optimization exercise may contain features that cannot be 

realized easily in practice; therefore, when constructing the model for the optimized 

design, practical issues, such as the cavity shape that can actually be made, need to be 

taken into account. Thus, the final finite element model for the optimized FRC bridge 

was a simplified version of the design suggested by the shape optimization.  

Finally, stress analyses of the shape-optimized and conventional designs were 

carried out to compare their mechanical performances. To evaluate their resistance 

against retainer debonding and restoration fracture, the stresses at the tooth-restoration 

interface and those within the restoration were compared between the two designs. 
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Figure 9.4 The conventional design of the 2-unit cantilevered FRC bridge. 
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9.3 Results 

9.3.1 Shape optimization of the 2-unit cantilevered FRC bridge 

The results showed that, irrespective of the failure stress (σRef) assumed, the 

cavity/retainer derived from the SMT optimization was shovel-shaped (Figure 9.5).  If a 

lower bond strength was considered a larger cavity preparation was required. For 

example, the cavity preparation may need to be extended to the central fossa of the molar 

if the bond strength is lower than 20 MPa. The results based on a failure stress of 25 MPa, 

which was lower than the reported bond strength [321], were used conservatively for 

constructing the model for the optimal design. The size of the optimized retainer was 

slightly smaller than the conventional step-box shaped design (26.1 mm3 versus 26.2 

mm3); however, in terms of the area of the bonding surface, the optimal design was 

17.5% smaller than the conventional one (31.3 mm2 versus 38.0 mm2).  

According to the results from the second step of the SMT optimization, fibers 

should be placed at the top of the connector region where tensile stress was highest 

(Figure 9.6). The lower is the assumed failure strength of the resin material, the more 

fibers need to be used, and vice versa.  
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Figure 9.5 Results from the first step of SMT optimization (cavity/retainer design). 
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Figure 9.6 Profiles of the fiber layout suggested by the SMT optimization with 

different values of failure stress for the resin composite: (a) top view. (b) cross-

sectional view. 
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9.3.2 Comparison between the conventional design and optimized design 

Figure 9.7 shows the stress profiles of the two designs under a vertical load of 

200N at the mesial fossa of the second-premolar pontic. High tensile stresses can be seen 

in the occlusal third of the connector region. In the optimized design, the fiber 

substructure carries most of the high tensile stresses. In contrast, the composite resin 

material in the conventional design is not reinforced properly. Only the top half of the 

fiber substructure carries tensile stresses, and high tensile stresses can be found in the 

weaker veneering composite. Compared with the conventional step-box design, the 

shovel-shaped cavity preparation has a 70% reduction (189.6 MPa versus 57.04 MPa) in 

the maximum interfacial tensile stress (Figure 9.8a). With the optimized design, the 

maximum principal stresses in the veneering composite and in the tooth structure are also 

reduced by 45% (638.8 MPa versus 356.5 MPa; Figure 9.8b) and 30% (372.2 MPa versus 

253.1 MPa; Figure 9.9), respectively.  

 

Figure 9.7 Stress profiles of the conventional (left) and optimized (right) designs. 
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Figure 9.8 Stress plots of the conventional (left) and optimized (right) designs: (a) 

normal stress distribution at the tooth-restoration interface; (b) maximum principal 

stress distribution within the restoration. 
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Figure 9.9 Maximum principal stress distributions within the tooth with the 

conventional (left) and optimized (right) designs. 
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9.4 Discussion 

The optimized design of the 2-unit cantilevered FRC bridge uses the same amount 

of reinforcing fibers as the conventional design; however, its mechanical performance 

was far better. With roughly the same bonding surface, the optimized shovel-shaped 

cavity has lower interface stresses, which means that the risk of debonding can be 

reduced with the optimized cavity design. Comparison between the stress profiles of the 

two designs confirms that the fiber substructure of the optimized design is better aligned 

with the maximum principal stress trajectories; therefore, it minimized the normal and 

shear stress at the resin-fiber interface to lower the risk of delamination. The results of 

stress analysis also showed that the maximum principal stress within the veneering resin 

of the optimized design is reduced by 45%, which is expected to decrease the occurrence 

of cracking within the restoration. 

It has been reported that inlay-retained FRC bridges often fail at lower loads than 

those having more extensive-coverage retainers such as wing-retained or onlay-retained 

[116, 156]. In an era of minimally-invasive dentistry, the conservation of tooth tissues 

should be the first priority when designing a dental restoration for patients. The present 

study aimed at seeking an optimal cavity design that can improve the retention for inlay-

retained cantilever bridges.  

In this study, a bond strength of 25 MPa between the tooth and restoration was 

selected so that the optimized design had a similar cavity/retainer size to the conventional 

one. This allowed the influence of changing the fiber layout to be assessed properly and 

independently. The actual bond strength between the tooth and composite resin is usually 
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higher than 25 MPa; therefore, the size of the cavity preparation can be even smaller so 

that more tooth tissues can be preserved. However, there should be enough room in the 

cavity to accommodate the fiber reinforcement. Clinically, the suggested dimensions of 

the inlay cavity are at least 2 mm wide by 2 mm deep. The cavity size derived from the 

SMT optimization using 25 MPa as the failure stress (σRef) conformed to this clinical 

guideline. While the area of the bonding surface was reduced by 17.5%, it is believed that 

the lower interfacial stress would help to better retain the restoration. 

As suggested by the SMT optimization, the fiber has to be placed at the top of the 

connector. With this configuration, the high tensile stresses will be suitably carried by the 

fiber material so that the maximum principal stress in the veneering composite can be 

reduced by 45%. Figure 9.10 showed a similar fiber layout that has been proposed by 

Keulemans et al [156]. In that design, fibers were placed near the occlusal surface where 

high tensile stresses are expected. They also distributed additional fiber-reinforcement in 

the inlay from the top to the bottom, which is not suggested by the SMT optimization. 

Thus, the amount of fiber used in their design may not be efficient. In fact, to more 

closely follow the maximum principal stress distribution, the SMT optimization 

suggested that the best shape of the fiber should be that of a bowtie (Figure 9.6). Given 

the difficulty to fabricate a bowtie-shaped fiber in practice, a simple rectangular box was 

used in our final design. Compared to the conventional design, this can still reduce the 

maximum principal stress by 45%.  
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Figure 9.10 Fiber layout in a two-unit cantilevered FRC bridge [156]. (a) lateral 

view (b) occlusal view (c) cross-sectional view through the pontic.  

As shown in Figure 9.8a, high interfacial tensile stress concentrated on the labial 

and lingual axial walls of the cavity, particularly in the conventional design. These are 

also the places where debonding of the restoration usually initiates clinically. Previous 

studies have reported tooth fracture as one of the failure modes of the inlay-retained 

restoration [322, 323]. This is because the intracoronal preparations weaken the tooth 

structure, especially those with the box-shaped design that has many sharp line angles 

resulting in an unfavorable stress distribution. With the optimized shovel-shaped cavity 

design, the peak maximum principal stress in the tooth is reduced by 30%, which is 

expected to help lower the risk of tooth fracture. 

Clinically, the FRC cantilevered bridge restoration has been mainly used as an 

interim prosthesis. Also, most of the studies focused on the application of the 

cantilevered bridge in the anterior region [324, 325]. Compared to the 3-unit bridge, the 

cantilevered bridge involves less tooth preparation, and it allows oral hygiene to be 

maintained more easily. These are attractive advantages. With improved mechanical 

performance, the optimized FRC cantilevered bridge will be a promising design for 

longer-term use. 
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9.5 Conclusion 

The results of this study proposed a 2-unit cantilevered bridge with a shovel-

shaped retainer and reinforcing fiber placed at the top of the connector area. With its 

lower interfacial and structural stresses, the new, optimized design is expected to perform 

better mechanically than the conventional design. This can potentially offer a more 

conservative treatment option for replacing the single missing tooth. 

 

 

 

 

 

 

 

 

 

 

 



 

182 

 

Chapter 10 In vitro validation of shape-optimized fiber-reinforced 

composite dental bridges 

10.1 Background 

As mentioned in Chapter 9, fiber-reinforced composite (FRC) bridges have the 

advantages of being minimally invasive and providing a metal-free prosthetic 

reconstruction with excellent esthetics. FRC systems have been extensively used for 

fabricating adhesive fixed partial denture (AFPD). Current designs of FRC bridges, 

however, do not have an adequate lifespan. The main failure mode was documented as 

delamination between the fibers and the resin matrix [115-119]. Fractures also occurred 

at the loading point [117, 118, 120], the Pontic, and the connectors linking the pontic to 

the abutments [121-123].  

In a recent study, the innovative stress-induced material transformation (SMT) 

shape optimization technique, was used in conjunction with the FE method to optimize 

the FRC substructure layout of a 3-unit FPD [314]. This was achieved by gradually 

reinforcing the regions with high tensile stresses with FRC material such that the fibers 

were aligned with the direction of the maximum principal stress. Using the SMT 

technique, parameters such as the volume, position and orientation of the fibers in a 

dental restoration can be simultaneously optimized according to the stress distribution. 

The optimization analysis indicated a U-shape FRC substructure for the 3-unit bridge that 

followed the bottom profile of the pontic. The numerical results showed that the proposed 

optimized design significantly reduced the highest maximum principal stress in the 

veneering composite at both the connector and pontic positions. The SMT technique has 
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also been used to design the 2-unit cantilevered bridge and the cavity design for the 

abutment tooth. The detailed optimization procedures and the results for this FPD have 

already been given in Chapter 9. 

The aim of this chapter was to validate the new AFPD designs of inlay-retained 3-

unit and 2-unit (cantilevered) bridges obtained by the SMT technique using simulated 

occlusal loading. To detect subcritical cracking more effectively, acoustic emission (AE) 

measurement was performed during the mechanical test. Although AE measurement has 

been performed in investigations of the fracture behavior of dental materials [138-141], 

the present study represents the first attempt at using the AE technique for monitoring the 

fracture behavior of FRC bridges during in-vitro mechanical testing.  
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10.2 Materials and Methods 

10.2.1 Preparation of inlay-retained 3-unit FRC dental bridge specimens 

To prepare the FRC bridge specimens, a prosthetic restoration jaw model 

(D18FE-500A-QF, Nissin, Japan) was modified to duplicate the edentulous condition 

considered in the previous structural optimization study [314]. The right mandibular first 

molar was removed from the model, and the remaining socket was filled with paraffin 

wax. Two proximal boxes were prepared, respectively, in the distal region of the second 

premolar (with the size of 3mm  2mm  3mm) and the mesial region of the second 

molar (with the size of 4mm  3mm  3mm); see Figure 10.1a. Then, a half-arch 

impression was taken with vinyl polysiloxane impression material (Examixfine™ 

(injection type), GC, Japan) and silicone putty (Vertex™ Putty 1:1, Vertex-Dental, The 

Netherlands). The mold was poured with a stone material (Die-Keen, Columbus Dental, 

St. Louis, MO) to fabricate the working cast for the FRC bridges. 

In total, forty-one 3-unit posterior inlay FRC bridges were fabricated with 

unidirectional glass fibers (FibreKor 2k bundle, Jeneric/Pentron, Wallingford, CT, USA) 

as the substructure, which was surrounded by a veneering composite (Gradia, GC, Japan). 

Fiber strips of 3 mm wide and 0.3 mm thick were used in this study. These were cut with 

a pair of ceramic scissors to the appropriate inter-abutment length. Three fiber strips were 

condensed and bonded together with a flowable composite (Filtek™ Supreme XT 

Flowable, 3M, USA), with each strip being light polymerized for 40 seconds with a 

curing machine (GC STEPLIGHT SL I, GC, Japan) as it was laid down in the desired 

position to form the FRC substructure. Two different layouts of the FRC substructure 
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were prepared: the conventional (n=20) and the optimized layout (n=21) considered in 

the previous structural optimization study [314]. The conventional layout was a straight 

beam linking one proximal box to the other, while the optimized layout was a curved 

beam following the bottom profile of the pontic; see Figure 10.1b.  

 

Figure 10.1 (a) Duplicated right mandibular model with prepared proximal boxes 

on the abutment teeth. (b) The optimized layout of the FRC substructure. 

The layer of veneering composite resin was built up incrementally and 

polymerized with the same curing machine (GC STEPLIGHT SL I, GC, Japan) used for 

curing the fibers. The size and outline of the whole FRC bridge were controlled by a 

prefabricated silicone mold to ensure uniformity among the specimens. According to a 

previous study [326], using a handheld light-curing unit would not provide an adequate 

degree of monomer conversion and cross-linking in the resin matrix. An additional 10-

minute light polymerization was performed with another curing unit (CURE-LITE Plus, 

Jeneric/Pentron, Wallingford, CT, USA) specifically built for preparing FRC bridges. 

Each sample was polished with a low-speed air brush together with a fine paste 

(Universal Polishing Paste, Ivoclar-Vivadent, Schaan, Lichtenstein). 
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10.2.2 Preparation of inlay-retained 2-unit cantilevered FRC dental bridge specimens 

 For the 2-unit cantilevered FRC dental bridge, a two-step optimization process 

was used to first obtain a cavity design for improving the retentive strength and then the 

fiber position for enhancing the structural strength. Accordingly, samples prepared for 

validating the optimized design of this prosthesis were divided into two groups: resin-

based cantilevered bridges without glass fibers (n=20; ten for each cavity design: step-

box and shovel-shaped) and those with glass fibers (n=20; ten for each fiber layout: 

conventional and optimized), to test their bond strength and structural strength. As 

suggested by the results from Chapter 9, the optimized design should have a shovel-

shaped retainer and the fiber should be placed in the top region of the connector where 

the stresses are highly concentrated. The same specimen preparation protocol as 

described in 10.2.1 was applied for fabricating the bridges containing fibers. To ensure 

dimensional uniformity of the cavities and bridges without fibers, a CAD/CAM system 

(ARDENTA, Activity 850, Taiwan) with its bundled software exoCAD dental (build 

4903, exoCAD GmbH, Germany) was used to design and fabricate the abutments and the 

cantilevered bridges with conventional step-box and optimized shovel-shaped retainers 

(Figure 10.2). A polymethyl methacrylate (PMMA) material, which can provide similar 

bonding capability and mechanical properties to human dentin, was used for the 

fabrication of the abutments. A total of 40 abutments were made and mounted 

individually in Delrin rings using an orthodontic resin (Caulk, DENSPLY, Milford, DE, 

USA).  
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Figure 10.2 Specimens prepared for validating the cavity design for the 2-unit 

cantilevered bridge: (a) Conventional step-box retainer, (b) optimized shovel-shaped 

retainer and (c) resin-based abutment. 

 

10.2.3 Loading  

 A servo-hydraulic testing machine (MTS 810, MTS, Minneapolis, MN, USA) 

was used to apply a compressive load to the individual specimen placed at the lower part 

of the testing machine. The 3-unit bridges were secured onto the duplicated stone model 

(working cast) using a cyanoacrylates-based adhesive (Scotch® Super Glue Gel, 3M, St. 

Paul, MN, USA). The 2-unit cantilevered bridges without fibers were cemented to the 

resin abutment using a resin-based dental cement (RelyX™ Ultimate, 3M ESPE, St. Paul, 

MN, USA). Those with reinforcing fibers were cemented to the resin abutment using a 

cyanoacrylates-based adhesive to ensure that they remained in place without debonding 

while they were loaded to fracture. 

For the 3-unit bridges, the force, up to 400 N, was applied using a steel ball of 6 

mm diameter and a loading speed of 0.2 mm per minute on the central fossa of the pontic 

replacing the right mandibular first molar. For the 2-unit cantilevered bridges, they were 
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loaded on the mesial fossa of the premolar pontic until the occurrence of debonding or 

fracture using the same loading apparatus and speed. Displacement of the 3-unit 

specimens could result in the bottom of the pontic coming into contact with the working 

cast, leading to unrepresentative loading conditions. Therefore, to prevent the above from 

happening, a thin layer (~1.5 mm) of material underneath the pontic was removed from 

the stone cast. During loading, both the force and displacement of the loading sphere 

were recorded by computer software (LJstream, LabJack, Lakewood, CO, USA) for 

subsequent analysis.  

10.2.4 Acoustic emission measurement 

A two-channel acoustic emission (AE) system, which comprises a signal sensor, a 

preamplifier and a recording device, was used to monitor the development of cracks in 

the specimens during loading. Measuring AE signals while mechanically testing the FRC 

bridges could provide real-time detection and monitoring of their fracture development 

with a higher sensitivity [141, 327].  An AE wideband sensor (S9225, Physical Acoustic 

Corporation (PAC), NJ, USA) was glued onto the middle third of the buccal surface of 

the molar, which was the pontic for the 3-unit bridge, and the abutment for the 2-unit 

cantilevered bridge. Signals detected by the sensor were passed through a preamplifier 

(Model 2/4/6, PAC, NJ, USA) with a 40 dB gain and a band pass of 100 kHz to 2MHz. 

Recording of the signals was performed with the AEwin software (PAC, NJ, USA) using 

a sampling frequency of 1 MHz. A threshold value of 35 dB was imposed on the signals 

to filter out the background noise. 
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10.2.5 Data processing 

The load-displacement data and the AE results obtained from the compressive test 

of each specimen were processed by using the computing software Matlab (The 

Mathworks, USA). After filtering out the noise from the data, the accumulated number of 

AE events and the amplitude of individual AE event for each specimen were extracted. 

Further, the sum of amplitudes from all AE events was calculated to provide a measure of 

the total strain energy released by each specimen. The plot of AE signal amplitude versus 

time was superimposed upon the load-displacement curve as shown in Figure 10.3. The 

first cracking event was determined from both the first abrupt drop in the load-

displacement curve and the first detectable AE signal (amplitude > 35 dB). The time and 

corresponding force level of the first detectable cracking event were noted from the two 

sets of data. The mean and standard deviation of all the measured values were computed. 

The T-test was used to evaluate the statistical significance of the differences in the 

measurements between the two specimen groups: conventional and optimized design. 

The level of statistical significance was set at α = 0.05.  

 

Figure 10.3 The superimposition of the load-displacement curve and amplitudes of 

AE events for a specimen under loading. 



 

190 

 

10.2.6 Qualitative analysis 

After mechanical loading, all specimens were examined with a stereo microscope 

(MVX10, Olympus, Japan) at 20X magnification. To detect subsurface cracks 

nondestructively, all specimens were scanned with a micro-CT system (HMX XT H 255, 

X-tek system, Brighton, MI, USA). Micro-CT images were taken with a tube voltage of 

110 kV and a tube current of 90 µA. For each specimen, 720 projections and 4 frames per 

projection were acquired. The images obtained were processed using the software CT Pro 

3D (Metris, Hertfordshire, United Kingdom) with the following sequence of operation: 

beam hardening correction, noise reduction, and three-dimensional reconstruction. After 

reconstruction, volume rendering of each specimen was performed using the software VG 

Studio (Version 2.0 64bit, Volume Graphics GmbH, Germany).  
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10.3 Results 

10.3.1 3-unit bridges: conventional straight-beam vs. optimized U-shaped fiber layout 

No damage was visible on the duplicated stone model after testing with it all the 

specimens to 400 N. When the specimens were examined with the stereo microscope, 

cracks could clearly be seen on the surfaces of all the specimens from the conventional 

group; their directions being approximately perpendicular to the trajectories of the most 

tensile stresses (Figure 10.4a). Fractures could also be observed around the loading point 

on the specimens from this group (Figure 10.4b). As for the optimized group, only six 

specimens were found with small cracks in the connector areas; no cracks were seen near 

the loading point.  

 

Figure 10.4 (a) A visible crack at the connecter area between the pontic and the 

second premolar; (b) Fracture around the loading point. 

Figure 10.5 shows the micro-CT images of the FRC bridges after testing from 

both the conventional and optimized groups. The maximum length of the small number 

of cracks found in the optimized group was approximately 0.70 mm, and they only 

existed within the resin under the connector area. In contrast, the cracks in the 
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conventional group went through the fiber substructure with a maximum length of around 

3.72 mm. 

 

Figure 10.5 Micro-CT images of 3-unit FRC dental bridges after mechanical test: (a) 

3-D reconstruction of a specimen from the conventional group, (b) 3-D 

reconstruction of a specimen from the optimized group, (c) CT image slice from the 

conventional group showing that the crack went through the fiber substructure and 

(d) CT image slice from the optimized group showing limited crack propagation 

within the connector area.  

The load-displacement curves of the two groups displayed significant differences. 

The group of specimens with the conventional design showed larger deflections under the 

same load level, indicating their lower stiffness. There were several abrupt drops in the 

load corresponding to local damage of the structure. This phenomenon was absent in the 

group of specimens with the optimized design, which displayed smoother as well as 

steeper load-displacement curves (Figures 10.6a and 10.6b). The shape-optimized 

specimens were stiffer and stronger in resisting fracture. The plot of the cumulative 
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number of AE events for all specimens showed that cracking began at around 40 seconds 

after loading (Figure 10.6c). Both the rate of occurrence and the total number of AE 

events were substantially higher in the conventional design group. 

 

Figure 10.6 Mechanical test results: (a) load-displacement curves of specimens from 

the conventional group, (b) load-displacement curves of specimens from the 

optimized group, and (c) the cumulative number of AE events. The curves of the 

conventional group are plotted in red and those of the optimized group are plotted 

in blue. 

The mean number of AE events per specimen in the group of the conventional 

design was significantly higher than that in the group of the optimized design 

(Conventional group: 2969 ± 1034; Optimized group: 38 ± 42; P-value < 0.001). One 

specimen in the optimized group showed no detectable AE signals at all. In terms of the 



 

194 

 

mean amplitude for each AE event, there was no statistically significant difference 

between the two groups (Conventional group: 45.4 ± 0.5 dB; Optimized group: 44.4 ± 

10.7 dB; P-value = 0.65). The mean accumulated amplitude of all AE events per 

specimen, a measure of the strain energy released calculated by multiplying together the 

mean amplitude of the AE signal and the mean number of AE events, further 

demonstrated the significant difference in the mechanical performance between the two 

groups of specimens (Conventional group: 134914.2 ± 47302.1 dB; Optimized group: 

1749.9 ± 1911.9 dB; P-Value < 0.001).  

 The sensitivity of the two methods, load and AE measurements, used to detect 

cracking in this study was assessed by comparing the time corresponding to the first drop 

in force level with that corresponding to the first AE event detected. Because no abrupt 

drops could be discerned from the load-displacement curves of the specimen group with 

the optimized design, the comparison was only made for the group with the conventional 

design. The time and force level corresponding to the first cracking event indicated by the 

two methods were very different. The mean time to the first detectable AE signal was 

significantly earlier than that to the first abrupt drop in load (Load-displacement curve: 

43.7 ± 8.7 seconds; AE measurement: 35.1 ± 11.5 seconds; P-Value < 0.001) (Figure 

10.7a). Correspondingly, the AE system also detected the first cracking event at a lower 

force level than the load-displacement curve did (Load-displacement curve: 161.9 ± 39.2 

N; AE measurement: 109.0 ± 40.1 N; P-Value < 0.001) (Figure 10.7b). 

When comparing the times to the first cracking event as given by the AE data 

between the two groups of specimens, no statistically significant difference was found 
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(Conventional group: 35.1 ± 11.5 seconds; Optimized group: 40.2 ± 14.0 seconds; P-

value = 0.22); see Figure 10.7c; however, the corresponding force levels were modestly 

different between the two groups. The first cracking event in the shape-optimized group 

was detected at a higher force level (Conventional group: 109.0 ± 40.1 N; Optimized 

group: 164.7 ± 93.0 N; P-value = 0.02); see Figure 10.7d.  

 

Figure 10.7 (a) Comparison of the times of the first cracking event indicated by the 

load-displacement curve and AE measurement. (b) Comparison of the force levels of 

the first cracking event indicated by the load-displacement curve and AE 

measurement. (c) Comparison of the times of the first cracking event between the 

conventional and optimized group. (d) Comparison of the force levels of the first 

cracking event between the conventional and optimized group.  
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10.3.2 Validation of cavity design for 2-unit cantilevered bridges: conventional step-box 

vs. optimized shovel-shaped design 

The 2-unit bridge specimens were loaded until they fractured totally or were 

dislocated from the abutments, which is different from the in vitro validation of the 3-unit 

bridge. No subcritical crack length measurement was performed. All specimens without 

the reinforcing fibers debonded before they fractured, and no cracks were seen within 

them. The pontic of one specimen with the conventional step-box retainer was found to 

have contacted the base during loading, so it was excluded from the analysis. With the 

unreinforced bridges, the average failure load using the optimized shovel-shaped cavity 

design was 212% higher than the conventional step-box design (step-box design: 15.98 ± 

6.57 N; Shovel-shaped design: 49.95 ± 17.33 N; P-value < 0.001); see Table 10.1. The 

mean number of AE events per specimen (step-box design: 49 ± 34; Shovel-shaped 

design: 63 ± 32; P-value = 0.42) and the mean amplitude for each AE event (step-box 

design: 58.4 ± 1.2 dB; Shovel-shaped design: 59.5 ± 2.4 dB; P-value = 0.28) were not 

significantly different between the two designs. In terms of the time to failure, the two 

groups did not show a very significant difference either (step-box design: 251.71 ± 

144.28 s; Shovel-shaped design: 297.51 ± 66.73 s; P-value = 0.45); however, the 

optimized shovel–shaped design had a smaller standard deviation, i.e. a more consistent 

outcome. 

 



 

197 

 

10.3.3 Validation of optimized 2-unit cantilevered bridge with reinforcing fibers 

In terms of the failure mode, eight specimens from the conventional FRC group 

fractured at the connector region and the other two specimens debonded from the 

abutments. In contrast, only four specimens from the optimized group fractured at the 

connector region, five remained intact but their abutments fractured, and only one 

debonded from its abutment.   

The optimized design had a 108% higher mean final failure load than the 

conventional step-box design (conventional group: 97.32 ± 21.10 N; Optimized group: 

203.35 ± 28.02 N; P-value < 0.001); see Table 10.2. Figure 10.8 demonstrates that major 

cracking occurred at a higher load level in the optimized design, indicating its superior 

load capacity. Again, the mean number of AE events per specimen (conventional group: 

28 ± 19; Optimized group: 52 ± 53; P-value = 0.24) and the mean amplitude for each AE 

event (conventional group: 64.9 ± 4.2 dB; Optimized group: 61.7 ± 5.2 dB; P-value = 

0.18) were not significantly different between the two groups.  The results from the 

mechanical test of the 2-unit cantilevered bridges are summarized in Tables 10.1 and 10.2.  
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Figure 10.8 Plots of accumulated numbers of acoustic emission events against force: 

(a) Conventional fiber layout with the step-box retainer design and (b) Optimized 

fiber layout with the shovel-shaped retainer design. 
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Table 10.1 Results of the validation test for the cavity design using unreinforced 

specimens 

  Shovel-Shaped Design Step-box Design 

 Sample # 
Failure Load 

No. of AE 

Event 
Failure Load 

No. of AE 

Event 

1 69.824 145 12.891 79 

2 68.750 38 10.742 37 

3 38.672 59 8.594 1 

4 33.301 70 25.781 100 

5 56.934 93 236.328* 116* 

6 53.711 56 10.742 28 

7 42.969 71 24.707 89 

8 26.855 35 15.039 12 

9 30.078 43 19.336 13 

10 78.418 20 25.781 83 

Average 

(±S.D.) 

49.95  

± 17.33 

63 

± 32 

38.99 

± 15.98 

56 

± 40 

Excluding 

outlier* 

  

17.07 

± 6.23 

49 

± 34 
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Table 10.2 Results of the validation test for the 2-unit FRC cantilevered bridge 

 
Optimized Group Conventional Group 

Sample # 
Failure Load 

No. of AE 

Event 
Failure Load 

No. of AE 

Event 

1 207.32 8 116.02 15 

2 166.50 8 123.54 41 

3 221.29 54 95.61 71 

4 160.06 40 85.94 9 

5 227.73 16 108.50 39 

6 237.40 85 62.30 13 

7 209.47 42 118.16 33 

8 226.66 30 54.79 7 

9 154.69 33 108.50 36 

10 222.36 206 99.90 19 

Average 

(±S.D.) 

203.35 

± 28.02 

52 

± 53 

97.32 

± 21.10 

28 

± 19 
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10.4 Discussion 

10.4.1 3-unit bridges 

According to the finite element analysis of the previous study [314], the 3-unit 

FRC bridge had high tensile stresses concentrated near the loading point and the 

connector regions that linked the pontic and the teeth. Fracture was predicted to occur 

perpendicularly to the trajectories of the most tensile stresses. In this in-vitro experiment, 

major crack lines could be observed only in the conventional group, the locations and 

patterns of fracture being in line with the previous FE results. Chipping was also seen 

near the loading point in this group of specimens where high tensile stresses were 

predicted. The lack of visible cracking in the group of shape-optimized specimens 

showed that the new fiber layout and the much thicker veneering composite under the 

loading point were effective in helping the dental bridge to resist fracture and chipping. 

The posterior teeth sustain 90 percent of the occlusal force (Premolar: 12 ± 7 %; 

Molar: 78 ± 8%) [328]. The FRC bridge is expected to experience relatively high loads if 

it is used to replace these teeth. The maximum load used in the present study (400 N) was 

lower than the reported maximum masticatory force [329]. This was mainly limited by 

the mechanical strength of the working stone cast used for supporting the specimens 

during loading. Nevertheless, the applied load was sufficient to cause major structural 

damage to the conventional FRC bridges. In fact, significant damage occurred at a 

relatively low force level (161.9 ± 39.2 N). Failure at such a low force level represents a 

risk to the clinical performance of the dental bridge. The lack of major structural damage 
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in the optimized design confirmed that fiber reinforcement in the appropriate region 

could significantly increase the load capacity of this type of prosthesis. 

With the more sensitive AE system, the present study was able to monitor the 

subcritical micro-crack and fracture development more precisely. The AE system was 

able to pick up micro-cracking in the materials that cannot be detected by the load-

displacement curve; see Figure 10.3. It was also shown in Figures 10.7a and 10.7b that 

the time and force level of the first cracking event detected by the AE system were 

significantly earlier and lower than those from the load-displacement curves. Therefore, 

to monitor the development of fracture more effectively, it is essential to use the AE 

measurement technique.    

The mean AE signal amplitude was not significantly different between the two 

groups of specimens (Conventional group: 45.4 ± 0.5 dB; Optimized group: 44.4 ± 10.7 

dB; P-value = 0.65), indicating that the mechanisms of fracture, i.e. fiber delamination 

and veneer fracture, were probably similar for the two groups. Although the mean 

amplitude of an AE event was similar between the two groups, specimens of the 

conventional design had far more AE events during the course of loading (Conventional 

group: 2969; Optimized group: 38). This indicated that they had a much lower load 

capacity, releasing more strain energy irreversibly under load. 

There was also no significant difference in the time to the first cracking event 

between the two groups (Conventional group: 35.1 ± 11.5 seconds; Optimized group: 

40.2 ± 14.0 seconds; P-value = 0.22); see Figure 10.7c. There was, however, a small 

difference in the force level at which the first cracking occurred between the two groups, 



 

203 

 

as shown in Figure 10.7d, with the optimized group starting to crack later. The optimized 

group had a steeper load-displacement curve (Figure 10.6b), which was related to the 

enhanced structural stiffness of the new fiber layout. The increased stiffness of the FRC 

bridge reduced the deflection of the structure under load. Because the load was applied 

by a stroke-controlled mode, i.e. at a constant rate of 0.2 mm/min, the steeper load-

displacement curve of the optimized sample (Figure 10.6a and 10.6b) led to a steeper 

load-time curve; therefore, at a particular time, the force level in the optimized sample 

was higher than the conventional one.  

Previous studies suggested that a low-amplitude AE signal can be correlated to 

the internal cracking of the veneering materials and a high-amplitude AE signal can be 

correlated to the interfacial delamination between the fibers and the veneering materials 

[135, 137, 141, 330, 331]. Results from the present study showed that AE signals with a 

higher amplitude coincided with the abrupt drops in the load-displacement curve (Figure 

10.3). The latter method, therefore, does not seem to be able to detect the early cracking 

in the veneering materials. Although the mean AE signal amplitude was not significantly 

different between the two groups, the conventional group contains much more AE events 

of high amplitude (>60 dB) than the optimized group (Conventional group: 6841 in total; 

Optimized group: 332 in total). 
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10.4.2 2-unit cantilevered bridges 

 Again, the mean AE signal amplitude was not significantly different between the 

two groups of specimens in both validation tests ((1) Step-box design: 58.4 ± 1.2 dB; 

Shovel-shaped design: 59.5 ± 2.4 dB; P-value = 0.28; (2) Conventional group: 64.9 ± 4.2 

dB; Optimized group: 61.7 ± 5.2 dB; P-value = 0.18); however, the mean AE signal 

amplitude from the second validation test for the 2-unit FRC bridges was found to be 

higher than that from the first test for the cavity designs. This could be due to the fact that 

the second test involved fiber delamination, and/or that the veneering resin used in the 2-

unit FRC bridges was different from that used in the unreinforced ones. 

 In the validation tests, all specimens were loaded at the mesial fossa to simulate 

the worst chewing scenario. The mean failure load of the optimized design was around 

200 N, which is acceptable for clinical use. A meticulous occlusal adjustment, which can 

balance the occlusal force and reduce excessive occlusal contacts on the pontic, should 

further increase the clinical performance of the optimized design.  

 Unlike the 3-unit bridges, the mean number of AE events did not show 

any significant statistical difference between the conventional and optimized groups 

(Conventional group: 28 ± 19; Optimized group: 52 ± 53; P-value = 0.24). This was 

probably because all 2-unit specimens were loaded until they fractured totally or 

debonded from the abutments, and most of the AE events occurred towards the end of 

failure, irrespective of the design.  

The present study was limited to using static loading as a means of in-vitro 

validation of the optimized designs. Failure of dental restorations was mostly caused by 



 

205 

 

cyclic mechanical loading with a lower force, resulting in more progressive crack 

initiation and development [332]. An increased static strength is a strong indicator of 

improved mechanical performance, even under cyclic loading. To more closely test the 

long-term durability in the oral environment, the influence of intraoral moisture, 

multiaxiality of the occlusal force, and the cushioning effect of the periodontal ligament 

can be investigated in future studies. 

10.5 Conclusion 

The in-vitro experiments carried out in this study validated the optimized design 

of the 3-unit bridge proposed by the previous study [314] and that of the 2-unit bridge 

derived in Chapter 9. The much lower number of AE events and a much smoother load-

displacement curve for the 3-unit bridge and the much higher failure load for the 2-unit 

cantilever bridge indicated that the optimized FRC bridge designs had a higher load 

capacity. It is expected that the optimized designs will significantly improve the clinical 

performance of FRC bridges.  
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Chapter 11 Summary and Future works 

11.1 Summary 

 This project was aimed at exploring, at multiple levels, various features of a 

natural tooth’s inherent structural design that enable it to perform its mechanical 

functions effectively, and then applying design principles inspired by these investigations 

to the design of prostheses for replacing a single missing tooth. The findings from 

analyzing the natural tooth’s structures, including orientations of enamel rods, spatial 

distributions of material properties, and inclination of a tooth within a jaw bone, support 

our general hypothesis that these arrangements, which range from the micro to the macro 

scale, are optimized for accommodating the functional demands, i.e. occlusal loading. 

The directional orientation of the enamel rods introduces anisotropy to the crown, which 

is beneficial for transferring the load directly into the tougher dentin underneath and for 

reducing unfavorable stress concentration along the DEJ. The graded material 

distribution, with which the local stiffness decreases gradually from the outer part of a 

tooth towards the inner part, results in a better stress distribution and mechanical 

performance. The natural inclination of the incisors does leads to a more pleasing 

appearance, less occlusal interference, and a more favorable stress distribution within the 

tooth and the surrounding bone structures.   

Based on these findings, two optimized designs were developed for dental 

restorations to replace the single missing tooth: a two-unit cantilevered fiber-reinforced 

composite bridge, and a bi-layered all-ceramic crown. Both of these designs take 

advantage of the design principles found in nature. To reinforce a composite resin-based 
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restoration using anisotropic glass-fiber material, it is very important for the fibers to be 

placed in the region of high tensile stress concentration and to be oriented along the 

maximum principal stress plane to maximize their efficiency. For a two-unit cantilevered 

fiber-reinforced composite dental bridge that restores a missing molar, the design of the 

retainer also needs to be optimized to prevent it from debonding due to the heavy 

occlusal load. Shape optimization of the retainer was achieved by using an UMAT 

subroutine that can update material properties interactively with results from the stress 

analysis. Optimization of the material layout for the all-ceramic crown was achieved by 

using the graded material distribution found in natural enamel. The layered all-ceramic 

crown with the optimized material layout demonstrated final fracture strength comparable 

to that of the conventional zirconia-porcelain design and reduced incidences of chipping, 

the major of failure clinically. Moreover, manufacturing of the optimized crown can take 

full advantage of modern CAD/CAM techniques, which will result in greater productivity 

with less laboratory error. The in vitro validation tests of both prostheses indicated that 

the mechanical performance of the optimized designs were superior to the conventional 

ones. 

11.2 Suggestions for future work 

 The optimization algorithm can be tailored to simulate bone formation and 

resorption.  This would replace the trial-and-error approach used in this study for 

seeking an optimal position and orientation for the placement of a dental implant.. 

The same algorithm can also be used for predicting the movement of teeth during 

orthodontic treatments. 
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 The structural optimization of the fiber-reinforced composite restoration can be 

applied to other types of dental prostheses such as complete dentures or 

removable partial dentures. 

 Other laboratory protocols for fabricating the optimized bi-layered ceramic crown 

should be investigated; for example, using pressable ceramic materials. 

Furthermore, glass-infiltrated alumina-based ceramics can be considered for 

establishing the graded material distribution found in nature. 

 Although the superior performance of the proposed optimized designs has been 

partly validated with mechanical tests, clinical trials should be performed in the 

future to more fully test their performance. 
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