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ABSTRACT 
____________________________________________ 

Problem: The effect of remaining tooth structure on strain in compromised teeth 

is not fully understood. Different remaining tooth quantities may affect stress and 

strain concentration within the remaining structure and potentially the longevity of 

the related restoration. 

Objectives: The aim of this project was to map and evaluate tooth strain levels 

at different stages and areas of structural tooth loss created by dental preparation 

(simulating caries created lesions) or soft drink demineralisation (simulating 

external acid erosion lesions), before and after restoration, and to evaluate and 

compare different strain measurement techniques: strain gauges (SG), the 

surface displacement field measured using digital image correlation (DIC), 

electronic speckle pattern interferometry (ESPI), and finite element analysis 

(FEA). In addition, testing teeth affected by erosion required testing and verifying 

different acid demineralisation protocols. 

Material and methods: Part I: Enamel samples (sound, polished) were subjected 

to extended 25 hours (hr) soft drink immersion protocols (accelerated, prolonged) 

with different salivary protection conditions (no saliva, artificial saliva, and natural 

saliva) to compare enamel surface loss. Moreover, enamel surface loss of 

extended erosion periods simulating different levels of clinical erosion lesions was 

calculated by different imaging methodologies. Microscopic analysis was 

performed to compare subsurface changes of early and extended erosion 

protocols. Part II: Strain under static loading was compared in teeth with different 

stages of unrestored occlusal and buccal accelerated soft drink demineralisation 
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lesions and after restoration using different techniques (strain gauges, electronic 

speckle pattern interferometry, and finite element analysis). Part III: Strain under 

static loading was compared in prepared teeth with different remaining tooth 

dimensions and different restorations using strain gauges and digital image 

correlation techniques. 

Results: Part I: No statistical significance was detected in enamel thickness loss 

between sound and polished enamel samples in the accelerated erosion groups 

under all salivary conditions or between early and extended erosion groups 

tested. Part II: All testing methodologies measured an increased strain reading 

after 1 day in occlusal erosion group followed by gradual decrease, while, 

continuous increase in strain was observed with buccal erosion progression. For 

both groups, all restorative materials used were able to restore strain close to pre-

treatment level. However, strain distribution pattern was more favourable in 

ceramic and gold occlusal onlays than composite onlays.  Part III: for both strain 

gauges and digital image correlation, remaining tooth height ≥ 3 mm and width of 

1 to 1.5 mm of the remaining tooth structure had a positive effect on strain. Tooth 

compositions of enamel and dentine resisted strain better than dentine 

counterparts at all dimensions. Both core restorations (with and without cuspal 

coverage) were found to support the remaining tooth structure and reduce strain. 

However, only cuspal coverage recorded significantly lower strain than their 

unrestored counterparts. 

Conclusion: Restorations bonded to advanced erosion induced lesions restored 

strain levels to pre-treatment condition and produced a more favourable strain 

distribution pattern highlighting the role of adhesion in reducing strain. Remaining 
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tooth structure suffers less strain under loading when enamel is part of the 

structure and when the minimum dimension of 3 mm in height and 1.5 mm in width 

is preserved. Bonding of core restoration or cusp coverage aids in reducing strain 

under loading. All strain measuring methodologies were comparable, where 

similar strain behaviour was recorded. Remineralisation of enamel and dentine is 

effective in the management of initial erosion. 
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RESEARCH IMPACT STATEMENT 
____________________________________________ 

      The human oral environment is involved with the first stages of digestion. 

Tooth structure, diet, oral flora, and saliva are interrelated physically and 

chemically in one integrated system that contributes to health and in some 

circumstances to disease. Human diets have changed over the years to include 

less abrasive foods and more sugars and acids; in particular carbonated drinks, 

sports drinks, and fruit juices, leading to imbalance within the oral environment 

complex. The high consumption of these foods explains the two common dental 

diseases; caries and acid erosion. Teeth that are heavily affected by these 

conditions may lose a considerable amount of their structure. Under loading, the 

remaining tooth structure suffers concentration of stresses and strain which may 

ultimately lead to tooth fracture or loss. Some studies have suggested that stress 

and strain levels in teeth were directly related to the amount of tooth structure 

loss. 

      Reports have shown that about 60% of all operative dental workload is related 

to placement and replacement of restorations. Therefore, management of 

compromised teeth should ensure the achievement of proper cavity design and 

the best restorative material selection. Ideally, the final restoration should restore 

the lost tissue to its original shape and strain condition.  

      This research focused on testing strain under loading in different operator 

generated remaining tooth dimensions; simulating different stages of tooth 

structure loss after caries or external acid erosion. Strain testing under loading 

was achieved within the physiological limit for human teeth before and after 
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preparation and after the application of different restorations whilst utilizing 

different conventional and new strain measuring methodologies. Results were 

compared to evaluate strain at all stages, test the potential restoration of strain to 

sound condition levels, and to verify the different strain measuring techniques 

applied and conclusions about the most favourable remaining tooth dimensions 

could be drawn. The application of multiple testing methodologies allows 

comparison and verification of results, collaboration between different scientific 

fields, and exchange of experience between dental researchers and experts from 

other specialties. 

      Various soft drink demineralisation protocols were tested and compared to 

decide the best protocol to apply for advanced erosion lesion creation. Soft drink 

erosion tests gained a deeper insight into their impact on dental tissues to diet 

and in turn provided dentists with data for patient education and to raise public 

awareness. This would include evidence about damage caused by high 

carbonated drink consumption and recommendations of optimal toothpaste type 

and application method. 

      This is an in vitro study which has limitations. However, it can be used as a 

baseline for future in vivo studies in the same area. In addition, the research 

findings and recommendations should give guidance to dentists through clinical 

management of compromised teeth, starting from prevention to the operative 

decision of the amount of remaining tooth structure to preserve and the most 

favourable restoration design and material to apply. 
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FIGURE 3.37: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF 1 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER 

CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE SOUND MODEL WITH LOW 

STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW SHOWING LOWER 

STRAIN LEVELS THAN THE SOUND MODEL WITH SIMILAR DISTRIBUTION BETWEEN ENAMEL 

AND UNDERLYING DENTINE. .................................................................................. 181 

FIGURE 3.38: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF 7 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER 

CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE PRECEDING MODEL WITH LOW 

STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW WITH A HIGH RISE IN 

STRAIN LEVEL IN BOTH ENAMEL AND UNDERLYING DENTINE (IN DENTINE MORE THAN 

ENAMEL). ............................................................................................................ 182 

FIGURE 3.39: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF 10 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER 

CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE PRECEDING MODEL WITH LOW 

STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW WITH FURTHER HIGH 

RISE IN STRAIN LEVEL IN BOTH ENAMEL AND UNDERLYING DENTINE (IN DENTINE MORE 

THAN ENAMEL)..................................................................................................... 182 

FIGURE 3.40: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF 14 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW SHOWING THE 

WIDEST AREA OF CONCENTRATED STRAIN OF ALL EROSIVE STAGES WITH LOW STRAIN 

LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW SHOWING THE HIGHEST 

STRAIN LEVELS IN DENTINE AMONG THE EROSIVE STAGES REACHING THE ROOF OF THE 
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FIGURE 3.41: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF NON-BONDED GOLD ONLAY (NBG) RESTORED MOLAR MODEL. (A) OCCLUSO-

BUCCAL VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE 

OUTER ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN 

(NBG) ONLAY AND UNDERLYING RESIN CEMENT MORE THAN UNDERLYING DENTINE. 183 

FIGURE 3.42: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF BONDED GOLD ONLAY (BG) RESTORED MOLAR MODEL. (A) OCCLUSO-BUCCAL 

VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE OUTER 

file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104976
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104977
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104978
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104979
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104980
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104980
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104980
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104980
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104980
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104981
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104981
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104981


24 

 

ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN (BG) ONLAY 

AND UNDERLYING RESIN CEMENT MORE THAN UNDERLYING DENTINE. ..................... 184 

FIGURE 3.43: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF IPS EMPRESS ONLAY (IPS) RESTORED MOLAR MODEL. (A) OCCLUSO-BUCCAL 

VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE OUTER 

ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN (IPS) ONLAY 

AND UNDERLYING RESIN CEMENT WITH LOWER LEVELS IN DENTINE. ........................ 184 

FIGURE 3.44: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED 

CASE OF DIRECT COMPOSITE RESIN ONLAY (OC) RESTORED MOLAR MODEL. (A) 

OCCLUSO-BUCCAL VIEW, WITH A WIDE HIGH STRAIN AREA CONCENTRATED IN THE 

CENTRAL FOSSA UNDER THE LOADING POINT AND LOW LEVELS IN THE OUTER ENAMEL 

LAYER, (B) MIDSECTION VIEW SHOWING THE HIGHEST STRAIN LEVEL CONCENTRATION 

UNDER THE LOADING POINT IN COMPOSITE AND UNDERLYING DENTINE. ................... 185 

FIGURE 4.1: A DIAGRAM OF THE PREPARED TOOTH. ...................................................... 209 

FIGURE 4.2: MOUNTED PREPARED SPECIMEN. ............................................................... 210 

FIGURE 4.3: SAMPLE WITH DIRECT COMPOSITE RESIN CORE BUILD-UP (CORE1). A. BUCCAL 

VIEW, B. PROXIMAL VIEW. ..................................................................................... 211 

FIGURE 4.4: SAMPLE WITH DIRECT COMPOSITE RESIN CUSPAL COVERAGE BUILD-UP (CORE2). 

A. BUCCAL VIEW, B. PROXIMAL VIEW. .................................................................... 212 

FIGURE 4.5: A TYPICAL IMAGE USED FOR DISPLACEMENT FIELD MEASUREMENT. ............. 216 

FIGURE 4.6: A FULL FIELD DISPLACEMENT MEASUREMENT USING DIC SHOWING MOVEMENT IN 

THE VERTICAL DIRECTION, THE PIXELS INCREASE FROM TOP TO BOTTOM. THE SCALE IS 

IN MICROMETRES. ................................................................................................ 217 

FIGURE 4.7: THE MEAN STRAIN VALUES FOR ALL THE GROUPS ± STANDARD DEVIATION WITH 

DIGITAL IMAGE CORRELATION (DIC) TESTING FOR BOTH DENTINE (DE) AND 

ENAMEL+DENTINE (E+DE) GROUPS. N=10 PER GROUP (*P< 0.05). A, (HEIGHT TO WIDTH 

RATIO (H:W) = 2:1MM). B, (H:W= 3:1MM), C, (H:W= 3:1.5MM), D, (H:W= 4.5:1.5MM).

 .......................................................................................................................... 218 

file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104981
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104981
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104982
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104982
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104982
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104982
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104982
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104983
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104984
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104985
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104986
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104986
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104987
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104987
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104988
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104989
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104989
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104989
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104990
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104990
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104990
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104990
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104990


25 

 

FIGURE 4.8: COMPARISON OF THE MEAN STRAIN VALUES BETWEEN DIFFERENT DIMENSIONS 

WITH THE SAME COMPOSITION AT ALL RESTORATIVE STAGES ± STANDARD DEVIATION 

WITH STRAIN GAUGE (SG) TESTING. N=10 PER GROUP (*P<0.05 STATISTICAL 

DIFFERENCE BETWEEN GROUPS), (^P<0.01 STATISTICAL DIFFERENCE BETWEEN 

GROUPS).  DE= DENTINE, E+DE= ENAMEL+DENTINE. A, (HEIGHT TO WIDTH RATIO (H:W) 

= 2:1MM). B, (H:W= 3:1MM), C, (H:W= 3:1.5MM), D, (H:W= 4.5:1.5MM). PREP= 

PREPARED UNRESTORED SAMPLE, CORE1= INTRACORONAL CORE COMPOSITE 

RESTORATION, CORE2= CUSPAL COVERAGE COMPOSITE RESTORATION). ............... 222 

FIGURE 4.9: COMPARISON OF THE MEAN STRAIN VALUES WITHIN EACH DIMENSION GROUP 

(WITH DIFFERENT COMPOSITIONS AND RESTORATIVE LEVELS) ± STANDARD DEVIATION 

WITH STRAIN GAUGE (SG) TESTING. N=10 PER GROUP (* P<0.01 STATISTICAL 

DIFFERENCE BETWEEN RESTORATIVE STAGES IN GROUPS OF THE SAME DIMENSION AND 

COMPOSITION), (^ P<0.01 STATISTICAL DIFFERENCE BETWEEN RESTORATIVE STAGES IN 

GROUPS OF THE SAME DIMENSION AND DIFFERENT COMPOSITIONS).  DE= DENTINE, E= 

ENAMEL+DENTINE. A, (HEIGHT TO WIDTH RATIO (H:W) = 2:1MM). B, (H:W= 3:1MM), C, 

(H:W= 3:1.5MM), D, (H:W= 4.5:1.5MM). PREP= PREPARED UNRESTORED SAMPLE, 

CORE1= INTRACORONAL CORE COMPOSITE RESTORATION, CORE2= CUSPAL COVERAGE 

COMPOSITE RESTORATION). ................................................................................. 223 

 

 

 

 

 

 

 

 

file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104991
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104992


26 

 

LIST OF TABLES 
____________________________________________ 

TABLE 1: EXACT TOOTH WEAR INDEX ............................................................................ 57 

TABLE 2: LITERATURE RESEARCH TOPICS COVERED IN DENTAL EROSION ......................... 88 

TABLE 3: ENAMEL EROSION PROTOCOLS ........................................................................ 98 

TABLE 4: SELECTED EXTENSIVE EROSION TIME POINTS AND THEIR RELATED CLINICAL 

PICTURE IN COMPARISON WITH THE “EXACT TOOTH WEAR INDEX” ......................... 125 

TABLE 5: MATERIAL PROPERTIES USED FOR FEA MODEL (ELASTIC MODULUS, POISSON’S 

RATIO, AND RELATED REFERENCES) ...................................................................... 167 

TABLE 6: STRAIN VALUES OF OCCLUSAL AND BUCCAL EROSION GROUPS AT ALL EROSIVE 

AND RESTORATIVE PHASES.................................................................................. 169 

TABLE 7:  SAMPLE PREPARATION DIMENSIONS ............................................................. 207 

TABLE 8: COMPOSITE RESTORATION DIMENSIONS FOR (CORE2) ................................... 212 

TABLE 9: TESTS OF MODEL EFFECTS (DIC) ................................................................. 218 

TABLE 10: TESTS OF MODEL EFFECTS IN ALL GROUPS WITH STRAIN AS DEPENDANT 

VARIABLE ............................................................................................................ 221 

 

 

 

 

 

 

 



27 

 

TABLE OF ABBREVIATIONS 

Abbreviation Definition 

µCT 
2D 
3D 
ANOVA 
BC 
BC 
BEWE 
BG 
CCD 
CEJ 
CLSM 
CT 
DEJ 
DIC 
ENDO 
ESPI 
ɛ 
FEA 
GERD 
HAP 
Hr 
IPS 
min 
MO 
MOD 
NBG 
O 
OC 
OCT 
PAAS 
PANS 
PASP 
PESP 
PPSP 
PZT 
RIDL 
SANS 
SD 
Sec 
SEM 
SG 
TA 
TRI 
TWI 
USG 
VDO 

Micro Computerized Tomography 
Two-Dimensional 
Three-Dimensional 
Analysis of Variance 
Before Christ 
Direct Buccal Composite Onlay 
Basic Erosive Wear Examination 
Bonded Gold Onlay 
Charge-Coupled Device 
Cemento-Enamel Junction 
Confocal Laser Scanning Microscopy 
Computerised Tomography 
Dentino-Enamel Junction 
Digital Image Correlation 
Endodontic Access 
Electronic Speckle Pattern Interferometry 
Strain 
Finite Element Analysis 
Gastro-Esophageal Regurgitation Disorder 
Hydroxyapatite 
Hour/s 
IPS e.max Press Ceramic Onlay 
Minute/s 
Mesio-Occlusal 
Mesio-Occluso-Distal 
Non-Bonded Gold Onlay 
Occlusal 
Direct Occlusal Composite Onlay 
Optical Coherence Tomography 
Polished enamel surface/ Accelerated erosion protocol/ Artificial Saliva 
Polished enamel surface/ Accelerated erosion protocol/ No Saliva 
Polished enamel surface/ Accelerated erosion protocol/ Natural Salivary Pellicle 
Polished enamel surface/ Early erosion protocol/ Natural Salivary Pellicle 
Polished enamel surface/ Prolonged erosion protocol/ Natural Salivary Pellicle 
Piezoelectric Translator 
Resin Infiltrated Dentin Layer 
Sound enamel surface/ Accelerated erosion protocol/ No Saliva 
Standard Deviation 
Second/s 
Scanning Electron Microscope/Microscopy 
Strain Gauge 
Titratable Acidity 
Tooth Restorability Index 
Tooth Wear Index 
Ultrasonography 
Vertical Dimension of Occlusion 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 

Introduction and Literature Review: 

 Caries Compromised Teeth 

 Erosion Compromised Teeth 

 Stress and Strain in Teeth 

 Strain Measuring Techniques 

Chapter III 

Analysis of Restored Occlusal and Buccal Erosion Lesions Strain: A 
3D-FEA, Electronic Speckle Pattern Interferometry, and Strain Gauge 
Study 

 

Chapter II 

Development of Erosion Methodology: 

 Experiment I: Assessment of Surface Finish and Saliva on 
Enamel Surface Loss with Variable Demineralisation 
Regimes 

 Experiment II: Subsurface Enamel Changes with Erosion 

Chapter IV 

The Effect of Different Remaining Tooth Structure Dimensions and 
Related Restorations on Strain: A Digital Image Correlation and 

Strain Gauge Study 

 

Erosion Compromised Teeth 

Caries Compromised Teeth 

Thesis Structure 

General Conclusions 

Clinical Significance 

Future Work 



29 

 

____________________________________________ 
CHAPTER 1 

____________________________________________ 

 

INTRODUCTION 
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1.1 Historic Background: 

________________________________________________________________ 

        Tooth wear and dental pathology date back in history to antiquity. 

Investigation of archaeological sites in China and Germany unearthed human 

remains with preserved teeth from the Bronze and Iron Age. Variable levels and 

distributions of dental caries and tooth wear were observed. In general, heavy 

wear affected both posterior and anterior teeth in all specimens (Liu et al., 2010, 

Meng et al., 2011, Nicklisch et al., 2016). Their findings are used as a tool to 

assess the lifestyle, diet, and food-preparation techniques in the past. Also, CT 

scans of the Egyptian Djedmaatesankh mummy, a Theban woman from the 22nd 

Dynasty (~9th Century BC), showed extensive dental disease including missing 

teeth, severe attrition, caries, and periodontal disease. Most of the remaining 

teeth exhibit exposure of their dental pulps with some afflicted by periapical 

lesions. Some of those lesions could have contributed to a large secondarily 

infected radicular cyst that displaced the maxillary antrum and enlarged the 

maxilla. Djedmaatesankh’s widespread dental infection probably caused her 

considerable pain, malaise and personal distress, and possibly caused her death.  

(Melcher et al., 1997). 

        By the middle of the seventeenth century in France, sufferers from toothache 

typically followed several courses to deal with dental pain. They could purchase 

a medicine that promised the cure. If the pain became too severe to tolerate, self-

assisted tooth-drawer extraction was performed; or, finally, they could seek the 

services of a surgeon to end the ordeal. The surgeon’s role was largely forgotten, 

although teeth operations had long been an integral part of his practice. The main 
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route was extraction, but occasionally the surgeon would perform tasks as 

cleaning of teeth, removal of decay, and fixing loose teeth using particular tools 

specially designed for these operations. By the final decade of the seventeenth 

century, the possession and knowledge of how to use these instruments, was 

firmly established as a basic (although relatively small) part of the surgeon’s 

practice (King, 2017). 

        The early decades of the eighteenth century saw the appearance of a 

completely new type of practitioner who for some would present a final option: the 

dentiste. The practice of the dentiste, although not extensive, was focused on 

teeth. That included relief of pain, reshaping and straightening of misplaced teeth 

and even replacement of missing teeth. This new aspect of practice represented 

a radical change from what had gone before and was all built on sound surgical 

foundations, leading the dentiste to occupy a respected position within the society 

in general and the medical world in particular (King, 2017). 

        Eighteenth century Archaeological excavations have shown poor dental 

health amongst London populations at that time. At least 96% of the oldest adults 

(56+ years) were affected by dental caries. This could be attributed to the wide 

accessibility of refined sugars and finely milled carbohydrates. Archaeological 

evidence from this era showed dental innovation with the discovery of a full high 

quality French style porcelain denture belonging to Archbishop Arthur Richard 

Dillon (1721-1806).  There was evidence of prolonged use and wear, not only for 

cosmetic or speech functions but also for mastication. This was discovered during 

archaeological investigation of St Pancras Old Church burial ground, London, in 

advance of construction of new London terminus for the Channel Tunnel Rail Link. 
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The dentures showed adoption of new materials and methods of manufacture. 

They reflect an era of significant social and economic change of the French 

society (Powers, 2006).  

        The first book on Dentistry (The operator for the teeth) written in English was 

by Charles Allen’s in 1685. But Pierre Fauchard’s laid dentistry’s solid foundation 

in 1728 with his book Le chirurgien dentiste ou traité des dents (The surgeon 

dentist or treatise on the teeth), a collection of dental knowledge backed up by 

many medical contributors (Baron, 1999, Spielman, 2007). Fauchard is widely 

acclaimed as the ‘Father of Modern Dentistry’. In his book, he included many 

techniques radical for practice of that time, as seating of patients for dental 

procedures, while the conventional way was laying the patient on the floor. He 

was also among those who dismissed worms as causative agents of dental 

decay, and introduced the term ‘dental caries’. Many of Fauchard’s observations 

and advice are valuable and still relevant to modern dental practice (Lynch et al., 

2006). During the 19th century, the first school of dentistry was founded in 

Baltimore, USA followed by the spread of dental schools and faculties around the 

world defining dentistry as a recognized medical profession. In 1826, Amalgam 

was first used when Traveau described a “silver paste” filling material produced 

by mixing the silver coins with mercury (Bharti et al., 2010). For pain control, 

inhalational with nitrous oxide, ether, ethyl chloride and chloroform were mostly 

used as dental anaesthetics since mid-19th century. It was not before 1884 that 

the first successful application of local anaesthetic solution occurred in dentistry, 

when Dr William Halsted conducted the first block of the mandibular nerve with 

4% cocaine hydrochloride (Calatayud, 2003, Gopakumar and Gopakumar, 2011). 
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In 1931, Drummond-Jackson introduced intravenous anaesthetics as 

hexobarbitone and pioneered its use in dental practice (Gopakumar and 

Gopakumar, 2011). In 1903, Dr Charles Land patented the first porcelain crown. 

His invention applied fired porcelains for inlays, onlays, and crowns (McLaren and 

Whiteman, 2010). 

        Studies of the effect of saliva on tooth enamel in reference to its hardening 

and softening started by the early 1900s (Head, 1912, Lambrou et al., 1981, Rao 

et al., 2017). Investigations of compounds that limit tooth bulk tissue loss started 

by the mid- 20th century.  

      Progressive changes in life style and diet affected the prevalence of dental 

disease. The change from a high fibre diet and the rise in refined sugar 

consumption since the 18th century with the introduction of sweetened drinks in 

the recent years are all associated with caries. The situation continues today and 

is further complicated with new pathologies such as acid erosion. That brings new 

challenges to the dental profession, to raise awareness and find new solutions to 

limit the problem, replace the lost, and protect what exists. 

      One of the main objectives of modern dentistry is prevention of disease, 

restoration of lost structure and preservation of what’s existing. However, a major 

challenge in everyday dental practice is the success rate, time to adequate clinical 

function, expenses, and any complications that may occur (Doyle et al., 2006, 

Angeletaki et al., 2016). The decision to restore a tooth, the selection of the 

restorative materials and their production expenses should be weighed against 

the patient’s financial status without compromising the success rate and longevity 
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criteria especially when restoring severely compromised teeth (after caries or acid 

erosion) where the remaining tooth structure is limited. 

 

1.2 Literature Review: 

________________________________________________________________ 

      Tooth fracture is a frequent restorative problem. A tooth’s ability to resist 

fracture can be the result of a combination of clinical factors, including quality, 

quantity and age of remaining tooth structure (Soares et al., 2008b), cavity 

preparation, choice of restorative material (Soares et al., 2006, Soares et al., 

2008b) and tooth loading. Caries, erosion, attrition and trauma commonly remove 

tooth structure that in turn decreases the fracture resistance of the tooth and affect 

stress distribution within the tooth. Stresses within tooth structure in combination 

with strength properties are important to fracture resistance (Khera et al., 1990, 

Bassir et al., 2013b). Teeth with different levels of reduced tooth structure related 

to caries and acid erosion will be studied and analysed in this research work. 

      Tooth stresses generation is complicated by the non-homogeneous nature of 

tooth structure and the irregularity of its contours. Tooth structure is composed of 

different materials with widely varying properties. These include enamel, dentine, 

pulp, cementum and supporting tissues of periodontium, and bone. Together with 

the large variations in both the magnitude and direction of chewing forces,  the 

problem is further complicated (Rubin et al., 1983). 

      Load application to an object causes stress concentration and structural 
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strain. The ultrastructural integrity of the body is not affected when this occurs 

within the elastic limit. However, stress concentration beyond this limit may result 

in crack formation and propagation which will eventually cause fracture and 

structural failure (Rees et al., 1994, Soares et al., 2008a). The elastic modulus 

reflects the direct linear relation between stress and strain. Understanding this 

mechanical property is fundamental to understanding relationships between 

materials and their biomechanical behaviour (Rees et al., 1994). 

 

1.2.1  Caries Compromised Teeth: 

________________________________________________________________ 

1.2.1.1   Strain in Sound vs Restored Teeth: 

________________________________________________________________ 

      (Magne and Belser, 2002) assessed the stress distribution in sound 

unrestored molars under different occlusal load configurations and concluded that 

even unrestored teeth suffer from strain under loading. The position of the tooth 

structure loaded had an influence, as functional cusps were generally more 

protected under compressive stresses than non-functional cusps, which exhibited 

more tensile stresses. This also showed that vertical loading of teeth did not 

generate harmful concentrations of stress compared to lateral loading. This 

agrees with the findings by (Palamara et al., 2002) that oblique loading on the 

buccal cusp led to higher strains oriented approximately 35-40º from the long axis 

of the tooth. Regardless of loading direction and location, the marginal ridges and 

proximal contact areas were sites of low strain. 
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      (Magne and Belser, 2002) also observed that high stress levels were related 

to the shape of the loaded structure.  Higher strain values were recorded during 

non-working movement in the central groove of vertically loaded molars, denoting 

that concave areas tend to concentrate stresses more than convex areas. This 

confirmed the results of  (Magne et al., 1999) who experimented on anterior teeth 

and  concluded that convex surfaces with thick enamel raise less concentrated 

stresses than concave areas, which tend to concentrate stresses.  

      Many studies have confirmed that stress concentration and strain values were 

directly influenced by the quantity of the tooth structure lost (Magne, 2007, Soares 

et al., 2008a, Soares et al., 2008b). 

      As the fracture resistance of restored teeth is lower than sound teeth, the 

dental practitioner is challenged by the design of the cavity preparation (Mondelli 

et al., 1980, 2007, Pereira et al., 2013). One study showed that 92% of fractured 

teeth had previously undergone restoration (Gher et al., 1987). 

      The presence of wide and/or deep restorations may be considered the highest 

risk of tooth fracture (Valdivia et al., 2012), and cavity preparation typically 

exaggerates the height of the remaining cusps rendering them unsupported. 

When unsupported cusps are loaded they may deflect, rotate or fracture (Soares 

et al., 2008b, Boaro et al., 2013, Pereira et al., 2013). While fracture may not 

always occur, the tooth-restoration interface may open with deflection or torsion 

of a weakened cusp. This may subsequently result in marginal leakage, 

secondary caries formation, and possibly tooth fracture. 
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1.2.1.2  Anatomical Position of Caries-Compromised Teeth (Anterior vs 

Posterior): 

________________________________________________________________ 

      Posterior teeth anatomy, with cusps and fossae, predisposes them to 

deflection of cusps under stress (Bassett et al., 1964), the form and height of the 

cusps influence the direction of stress. 

      To reduce tooth fracture, it appears to be important to maintain the marginal 

ridge integrity (Wendt Jr et al., 1987, Reeh et al., 1989b, Magne, 2007, Mondelli 

et al., 2007, Roperto et al., 2019). In intact teeth, strength is gained from marginal 

ridges forming a continuous band of tooth structure. Mondelli et al. (1980) also 

reported that the impact of the width of the isthmus in a cavity preparation was 

less with Class I than with Class II preparations. The reason behind this was 

probably the marginal ridge preservation in the Class I preparation. He concluded 

that a narrower isthmus would increase the fracture resistance of a prepared 

tooth. 

      Bassir et al. (2013b) showed that the fracture resistance of sound teeth was 

significantly reduced with Mesio-Occlusal (MO) and Mesio-Occluso-Distal (MOD) 

cavity preparations. When non-destructive occlusal loading was applied, (Pereira 

et al., 2013) observed that MOD cavities presented significantly higher values of 

strain than MO, occlusal (O), or intact teeth. However, to reduce restorative 

failure, some authors recommended that cavity preparations should have a 

combination of a narrow occlusal outline and a shallow pulpal floor (Nadal, 1962, 

Osborne et al., 1972, Mondelli et al., 1980, Blaser et al., 1983). Blaser et al. (1983) 
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studied the fracture potential of teeth with MOD cavities, prepared with different 

internal dimensions. They concluded that the isthmus width did not considerably 

weaken the teeth as long as a shallow pulpal depth was maintained. 

      The behaviour of anterior teeth must be differentiated from the behaviour of 

posterior teeth (Reeh et al., 1989b, Magne and Oganesyan, 2009, Bassir et al., 

2013a). Posterior teeth demonstrated dramatic reduction in crown stiffness with 

MOD preparation, which confirms that the loss of marginal ridge integrity is the 

most important contribution to the loss of tooth strength. While, stress distribution 

within an incisor was not significantly affected when the tooth material was 

removed proximally, whereas, a significant increase in flexibility occurred when 

tooth material was removed facially and palatally in incisors tested against 

multiple successive restorative procedures (Magne and Douglas, 2000, Magne 

and Tan, 2008).  

 

1.2.1.3   Quantification of Remaining Tooth Structure: 

________________________________________________________________ 

1.2.1.3.1  Remaining Tooth Dimensions (Width vs Height): 

      In order to assess the remaining tooth structure, both remaining wall width 

and height should be examined. In the literature, few studies have assessed the 

amount of residual tooth structure in vital teeth. Residual dentine thickness in vital 

posterior teeth after all-ceramic crown preparation has been reported. The mean 

residual dentine thickness between the axial wall and pulp chamber in posterior 

teeth varied between 0.47 and 0.7mm (Polansky et al., 2000). Another study by 
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(Seow et al., 2005) reported the thickness of remaining dentine on a maxillary 

second premolar following various preparations for a metal-ceramic or all-ceramic 

crown. The thinnest section of remaining tooth structure was the palatal wall with 

only 0.8mm and <0.3 mm remaining, respectively.  

      To further look into studies of remaining tooth structure related to severely 

compromised teeth, one should consider the literature discussing the restoration 

of endodontically compromised teeth (Jotkowitz and Samet, 2010). This can be 

attributed to the fact that non-vital teeth frequently lack tooth structure (Kurer, 

1991). 

      Many in vitro studies on endodontically treated teeth have examined the effect 

of the preserved coronal dentine height on the success of the final restoration. 

They appear to agree that maintenance of a height of at least 2mm of coronal 

dentine has a favourable effect (Sorensen and Engelman, 1990, Libman and 

Nicholls, 1995, Bandlish et al., 2006, Veríssimo et al., 2014). 

      (AL‐Omiri and AL‐Wahadni, 2006) carried out an in vitro study to investigate 

the effect of different heights of remaining coronal dentine on the fracture 

resistance of teeth restored with composite cores. In their results, although 

statistically insignificant, higher fracture resistance was witnessed with higher 

retained dentine height. They also noticed that the fracture pattern was related to 

the amount of retained dentine only when < 2 mm high. 

      It has been also recommended that preserving a 2mm of coronal dentine 

thickness would improve resistance to fracture (Sorensen and Engelman, 1990, 
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Assif et al., 1993, Ferrari et al., 2000, Murphy et al., 2009). 

 

1.2.1.3.2  The Ferrule Effect: 

      One of the foundations of the restoration of the endodontic treated tooth is the 

incorporation of the concept of ‘ferrule’. ‘The ferrule effect’ is often used to express 

the amount of remaining sound dentine above the finish line. In fact, it is not the 

remaining tooth structure that constitutes ‘the ferrule effect’ but rather the actual 

bracing of the complete crown over the tooth structure, with a positive 

strengthening influence protecting the remaining structure against fracture (Ng et 

al., 2006, Pereira et al., 2006, Jotkowitz and Samet, 2010, Lima et al., 2010, Dejak 

and Młotkowski, 2013, Ausiello et al., 2017). 

      It is common for only a partial ferrule to remain after crown preparation. 

Various studies have demonstrated the positive influences of a uniform full ferrule 

over a partial ferrule that varies in different parts of the tooth (Morgano and 

Brackett, 1999, Tan et al., 2005, Arunpraditkul et al., 2009, Jotkowitz and Samet, 

2010). However, the literature suggests that a non-uniform ferrule, although not 

as ideal as a full 360°, 2mm ferrule, is still superior to no ferrule at all and has 

value in providing fracture resistance. Arunpraditkul et al. (2009) compared 

endodontically treated teeth with four walls to those with three walls and studied 

the effect of the site of the missing coronal wall on teeth fracture resistance. They 

concluded that teeth with four walls of remaining coronal dentine had significantly 

higher fracture resistance than teeth with only three walls. Although the site of the 

missing coronal wall did not significantly affect the fracture resistance of 
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endodontically treated teeth, it was noticed that teeth without a buccal wall were 

the least resistant to fracture among the tested groups. While, the least effect on 

fracture strength was observed with teeth without a proximal wall. However, 

different observations regarding the location of the remaining coronal structure 

were found in anterior teeth. The results of (Ng et al., 2006) suggest that the 

presence of a palatal axial wall is as effective as a 360-degree circumferential 

axial wall in providing fracture resistance. 

      Similar finding were reported by (Al‐Wahadni and Gutteridge, 2002), who 

demonstrated that retained coronal buccal dentine had a significant effect in 

improving the fracture resistance of posterior teeth restored with partial dowel and 

cores when compared to teeth without retained coronal dentine. 

 

1.2.1.4   Clinical Evaluation of Remaining Tooth structure: 

________________________________________________________________ 

      Clinical evaluation of the remaining coronal dentine is essential in the 

restorative decision making. A tooth restorability index (TRI) was devised to allow 

mapping of remaining tooth structure (McDonald and Setchell, 2005, Bandlish et 

al., 2006). This index allows prediction of tooth restorability by allocating a 

numerical value to tooth sections summing to a total value for the whole tooth. 

After all existing restorations and unsupported tooth structure have been 

removed; each tooth was divided into equal sextants: two proximal, two buccal 

and two lingual areas. A scoring system of 0–3 was allocated to each coronal 
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dentine sextant (0=none, 1=inadequate, 2=questionable, 3=adequate) 

contributing to retention and resistance forms. Thus, a maximum score of 18 could 

be given for each tooth. 

      In their in vivo investigation to assess the remaining coronal tooth structure in 

teeth prepared for complete and partial coverage restorations, Murphy et al. 

(2009) used 3D scanning and a TRI to assess teeth preparations for full and 

partial coverage restorations. They found there was a strong correlation between 

mean TRI and scanned volume of tooth structure. They also confirmed that partial 

coverage preparations removed less tooth structure than full coverage when 

provided for the same teeth and this varied substantially depending on the tooth 

anatomy. 

      Evaluation of remaining tooth structure should focus on both the quantity of 

the remaining tooth structure and the available restorative options. With different 

amounts of remaining tooth structure, different types of restorations are 

recommended. In situations of minimal or no retention, adhesive restorations 

have a major advantage of bonding to both enamel and dentine (van Dijken, 

1999). Bonding to enamel is stable over time, but in vivo (Breschi et al., 2008, Liu 

et al., 2011) and in vitro (De Munck et al., 2005) studies have revealed the limited 

durability of resin-dentine bonds (Marchesi et al., 2013). Although most currently 

used dental adhesive systems show favourable immediate results reflected in 

good retention and sealing, dentine bonded interfaces may not withstand ageing 

and may show long-term degradation (Van Meerbeek, 2003, Frassetto et al., 

2016). While, clinical trials evaluating adhesive systems have found dramatically 

variable bonding qualities between tested materials (van Dijken, 2000). Also, 
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Marchesi et al. (2014) evaluated the bond strength of a multimode-adhesive 

system to dentine and stability after ageing. Their results showed no differences 

between groups at baseline. While, after 1 year of storage, only Scotchbond 

Universal applied in the self-etch mode and Prime&Bond NT showed higher 

strength compared to the other groups. Given that the dentine- adhesive bond 

varies among different conditions and it deteriorates with time, reliance purely on 

adhesion may not be ideal and investment in studying remaining tooth structure 

is still considered important to long-term outcomes. 

 

1.2.2  Erosion Compromised Teeth: 

________________________________________________________________ 

      Erosion of dental tissues refers to the irreversible chemical and chemical-

mechanical processes that involve dissolution of dental hard tissues by acids with 

no inclusion of any bacterial action (Zipkin and McClure, 1949, Barbour and Rees, 

2004, Hemingway et al., 2006, Poggio et al., 2013, Batista et al., 2016). It is 

considered an important factor for tooth wear besides attrition, abrasion and 

mastication (Lussi and Hellwig, 2001). A variety of extrinsic and intrinsic factors 

may cause erosion. Acids intrinsic in origin include hydrochloric acid due to 

regurgitation of the gastric contents in gastrointestinal refluxes or recurrent 

vomiting as part of eating disorders in anorexia nervosa or bulimia (Hellström, 

1977, Järvinen et al., 1988), or extrinsic as excessive consumption of acidic 

beverages, foods and medication as well as professional prolonged exposure to 

acidic environments (Cate, 1968, Levine, 1973). 
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      The problem of erosion is growing in dental health in the recent years affecting 

up to 80% of adults and about 50% of children (Jaeggi and Lussi, 2006, 

Rakhmatullina et al., 2011). Some occupational groups show high prevalence of 

dental erosion and subsequent tooth sensitivity. Those include winemakers, 

sports people, and individuals with medical conditions including asthma, diabetes, 

and alcoholism (Sivasithamparam et al., 2003, Amaechi and Higham, 2005, 

Manton et al., 2010). 

      Since the mid-1990s, and with the decline in dental caries in many industrially 

developed countries, research interest in dental erosion and its role in tooth wear 

increased considerably (Tantbirojn et al., 2008). Early studies on human tooth 

wear were based on teeth from archeologically obtained skulls. While, later 

studies examined contemporary adult populations (Johansson et al., 2012). Due 

to the coarse nature of diet, the earliest form of tooth wear was found mainly on 

occlusal, incisal and proximal surfaces, whereas modern erosive tooth wear has 

additional characteristics that include the buccal and palatal/lingual surfaces 

(Johansson et al., 2012). 

      In the UK, many studies have covered the prevalence of tooth erosion in 

children, adolescents and adults (Jaeggi and Lussi, 2014). Prevalence studies of 

tooth erosion in the UK began in 1993 with the National Survey of Children’s 

Dental Health, and subsequently they have varied from reports of small 

convenience samples and local population studies, to national surveys (Dugmore 

and Rock, 2004) . The age of the children examined has varied from 1.5 to 18 

years. Examination of incisors and molars of 1,753 12-year-old children showed 

a prevalence of tooth erosion of 59.7%, with 2.7% exhibiting exposed dentine.  
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Convenience samples of 129 children (aged 11–13 years) in 125 children in the 

UK were examined. The prevalence data showed that 37% of the UK children had 

dental erosion (Vargas-Ferreira et al., 2010). Milosevic et al. (1994) examined a 

total of 1,035 children (mean age 14 years) in 10 schools in Liverpool, UK and 

found that 305 of them had tooth wear lesions with involvement of dentine, mainly 

incisally; 8% also exhibited exposed dentine on occlusal and/or palatal surfaces; 

the occlusal surfaces of the first mandibular molars and the palatal aspects of the 

maxillary incisors were mainly affected.  Al-Dlaigan et al. (2001) established the 

prevalence of erosion in a cluster random sample of 418 teenagers (aged 14 

years, 209 girls, 209 boys) in Birmingham, UK. They found that 48% of the 

children had erosion within enamel, 51% had erosion within enamel with possible 

slight involvement of dentine and 1% had erosion with advanced involvement of 

dentine. Reviewing the data from the national dental surveys of young people in 

the UK, a trend towards a higher prevalence of erosion in children aged between 

3.5 and 4.5 years was found. Overall, the prevalence data from cross-sectional 

national studies indicated that erosion increased with age of children and 

adolescents over time (Nunn et al., 2003, Jaeggi and Lussi, 2014). Tooth wear is 

a relatively common condition in adults, and its prevalence increases with age 

(Bartlett and Dugmore, 2008, Li and Bernabé, 2016). 

      Quality of life is affected by the oral condition of subjects. Few studies have 

formally assessed the impact of tooth wear on people’s quality of life (Sanders et 

al., 2009, Maida et al., 2013, Shen et al., 2013, Li and Bernabé, 2016, Toole et 

al., 2018). One study reported that quality of life with severe erosive tooth wear 

was equivalent to  that of being edentulous (Papagianni et al., 2013). Patients 

with a worn dentition often complain of tooth sensitivity associated with dentine 
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exposure; dental pain due to involvement of the pulp; poor aesthetics owing to 

shortened clinical crown and loss of vertical dimension; and/or functional 

impairment for difficulties with chewing due to occlusal alterations and dental 

tissue loss (El Wazani et al., 2012, Olley et al., 2015). Sociodemographic factors 

are also closely related to both quality of life tooth wear (Bartlett et al., 2013, 

Jaeggi and Lussi, 2014); they may confound the association between tooth wear 

and quality of life. 

      Management of tooth wear requires early diagnosis and assessment of the 

severity of the condition followed by treatment planning. Restorations include 

direct restorations, indirect restorations, or orthodontic treatment can be 

considered. All these measures even the most conservative are costly and require 

constant maintenance and may have uncontrolled sequelae (Bernardon et al., 

2002). Financial constraints can often restrict these options and limit the choice 

pathways that can be offered (Sethi, 2016). 

 

1.2.2.1   Stages of erosion lesion development: 

________________________________________________________________ 

      Erosive tooth wear can progress with time and cause continuous irritation 

exposing deeper dental tissues and developing severe lesions that need 

extensive and costly dental care. Consequences of the long- and short- term 

erosion are marked with severe and debilitating tooth sensitivity (Mahoney and 

Kilpatrick, 2003, West, 2006, Manton et al., 2010). This is not the only concern, 
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as severe cases with considerate bulk loss may compromise the tooth resistance 

to load and functional stresses and eventually increase the potential loss of teeth. 

      Erosion mainly involves enamel; the outermost layer of the tooth with its 

typical high mineral content and prismatic structure (Mahoney et al., 2004, Wang 

et al., 2014). Remineralisation of the lesion is still possible at the initial stage of 

the process when decalcification has occurred only below the surface and the 

lesion is still covered by an intact enamel surface (Dawes, 2003, de Alencar et al., 

2014). In this case, the subsurface lesion provides an appropriate matrix for 

crystal growth when calcium and phosphate ions pass from the surrounding 

through the salivary pellicle and surface enamel. However, removal of the 

softened enamel by abrasive forces reduces the lesion’s liability to recover 

because of absence of suitable matrix for crystal growth (Dawes, 2003, 

Huysmans et al., 2011, Poggio et al., 2013, de Alencar et al., 2014). 

      Erosion does not only affect the enamel of the tooth but can extend deeper 

into dentine. If that happens, it causes hypersensitivity or even in severe cases 

exposing the pulp and even leading to tooth fracture (Addy et al., 1987, Harley, 

1999, Wongkhantee et al., 2006). Not only erosion is responsible for tooth wear. 

In most clinical cases, it acts in synergy with abrasion and attrition. Although 

several tribological mechanisms exist, the most common mechanisms in tooth 

wear may be explained by two-body abrasion (typically attrition) or three-body 

abrasion (typically erosion and abrasion) with an acidic or abrasive medium 

interaction, respectively (Mair, 1992, Johansson et al., 2012). 
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      Dental hard tissue is composed of a combination of tissues including enamel 

and dentine with different compositions related to these structures. Enamel is a 

composite material consisting of both a mineral and an organic phase. The 

mineral phase is predominant (95–96 wt.%) and consists primarily of large 

hexagonal hydroxyapatite (HAP) crystals composed of calcium (Ca2+), phosphate 

(PO4
3-), hydroxide (OH–), fluoride (F–), carbonate (CO3

2-) and sodium (Na+) ions 

[22]. It is represented by the simplified chemical formula: Ca10–x Nax (PO4)6–y 

(CO3)z(OH)2–uFu (Staines et al., 1981, Cuy et al., 2002, Chun et al., 2014, Shellis 

et al., 2014, Carvalho and Lussi, 2020). These crystals are arranged to form 

millions of hexagonal-prism-shaped enamel rods with the diameter of 3–5 µm 

(1/100th the hair thickness). Enamel contains almost no water and therefore is 

considered the hardest tissue in the human body. Fluoride mineral concentration 

is the highest at the outermost enamel layer (Hallsworth and Weatherell, 1969, 

Carvalho and Lussi, 2015). Enamel minerals (calcium concentration) and density 

decrease toward the dentino-enamel junction (DEJ) (Robinson et al., 1971, 

Carvalho and Lussi, 2015). While, the carbonate and magnesium concentrations 

increase (Weatherell et al., 1974, Carvalho and Lussi, 2015).  

      Enamel has a shiny surface and comes in variable colours ranging from light 

yellow to grey. Enamel is the outermost layer of the crown of the tooth extending 

from the gum upwards covering dentine with variable thicknesses and densities. 

The thickest and hardest enamel is located at cusps and biting edges. Enamel of 

primary teeth is different from permanent teeth being less hard and having about 

half the thickness (Gašperšič, 1995, Chun et al., 2014). Unfortunately, enamel 

never regenerates once eroded or abraded as the ameloblasts have been lost 
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(Cuy et al., 2002, Chun et al., 2014). Dentine is different to enamel, with lower 

apatite content (45– 50 wt. %) with a much smaller crystalline size, and a higher 

organic matter (30– 35 wt. %) mostly made out of type 1 collagen. In dentine, 

hydroxyapatite occurs within the tubules fibrils (intrafibrillar mineral) and between 

fibrils (extrafibrillar mineral) (Bertassoni et al., 2010, Poggio et al., 2013). These 

characteristics render dentine more susceptible to acidic dissolution than enamel 

(Tillberg et al., 2008, Vaderhobli, 2011, Chun et al., 2014). Dentine formation 

initiated by odontoblasts, which are located as a single cell layer around the pulp 

chamber. Odontoblasts are connected to the calcium ions of dentine by channels 

within the dentinal tubules (Marshall Jr et al., 1997, Ten, 1998, Chun et al., 2014). 

Those are responsible of delivering pain, pressure, and temperature change to 

the nerves in the dentinal tubules (Murray et al., 2003, Arana-Chavez and Massa, 

2004, Chun et al., 2014). 

 

1.2.2.2   Erosion and soft drinks: 

________________________________________________________________ 

      The erosive role of food and drink on teeth has been documented over the 

years. The earliest citing of erosion were reported by (Darby, 1892) and (Miller, 

1907). It has been traditionally believed that acidity (measured pH) is an accurate 

indicator of the erosive potential of a food or drink, where the lower the food pH, 

the greater the erosive potential (Meurman and Ten Gate, 1996, Cairns et al., 

2002, Kim and Jin, 2019). However, other chemical factors are equally important 

as pH in determining the erosive potential of food and drink. These include 
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titratable acidity (TA), buffering capacity, viscosity, and mineral content (calcium, 

phosphate, and fluoride) (Lussi et al., 1993, Wongkhantee et al., 2006, Batista et 

al., 2016, Carvalho and Lussi, 2020). Titratable acidity- sometimes also termed 

neutralisable acidity, is defined as the total volume of alkali (typically 0.1 molar 

sodium hydroxide) required to raise the pH of a standardised volume of a solution 

(typically 25 ml) to neutral pH (pH 7) (Grenby et al., 1989, Min et al., 2011, 

Chadwick, 2019, Kim and Jin, 2019, Carvalho and Lussi, 2020). In other words, 

titratable acidity is related to the persistency of an acidic environment in the oral 

cavity (Grobler and Van der Horst, 1982, Grenby et al., 1989, Min et al., 2011). 

Baseline pH values are only indicators of the initial hydrogen ion concentration 

but not of the presence of undissociated acid. Thus, it is now widely accepted that 

the titratable acidity could be a more accurate measure of the total acid content 

of a drink, and may be a more realistic means of predicting erosive potential 

(Grobler and Van der Horst, 1982, Cairns et al., 2002, Kim and Jin, 2019). 

Products with a combination of mineral undersaturation (especially Ca2+ 

concentration), low pH, and high titratable acidity have a great erosive potential 

(Lussi et al., 2012b, Lussi and Carvalho, 2015, Carvalho and Lussi, 2020) 

      Carbonated soft drinks contain additional carbonic acid which makes them 

potentially more erosive than non-carbonated beverages (West et al., 2003). Cola 

is one of the most popular acidic drinks with pH of 2.74, the lowest among tested 

food and drinks, and TA of 9.52 mmol/l ± 0.81 standard deviation (SD) (Chadwick, 

2019). Its erosive effect on teeth is well documented, causing the highest change 

in the tooth surface hardness (West et al., 2000, Wongkhantee et al., 2006, Wang 

et al., 2014). 
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      The basic composition of a carbonated drink consists of water, sugar, flavour 

enhancers and carbon dioxide. Flavour enhancers can include caffeine and 

aspartame. Organic acids (commonly citric acid) are the major constituent of soft 

beverages. Preservatives such as phosphoric acid, are added particularly in colas 

preventing deterioration through microbiological spoilage. Furthermore, acids are 

also used to offset the sweetness of sugar and complement the flavour by 

improving the sharpness of the drink (West et al., 2000, Laurance-Young, 2012). 

      Acids are capable of reducing the local pH on the teeth surface, thereby 

causing mineral dissolution. For citric acid, this process is explained by calcium 

ions being chelated by citrate anions, decreasing the amount of free calcium ions 

available for remineralisation in both saliva and at the enamel surface, thereby 

favouring demineralisation (Featherstone and Lussi, 2006, Manton et al., 2010) 

       The critical pH is the pH value at which a solution is saturated with respect to 

a particular mineral, and the concept of critical pH applies only to solutions that 

are in contact with a particular mineral such as tooth enamel and dentine (Dawes, 

2003). The pH of 5.5 was suggested to be the critical pH at which hydroxyapatite 

dissolves, and teeth are vulnerable to decalcification in acid media as they are 

composed of calcium-deficient carbonated hydroxyapatite (Featherstone and 

Lussi, 2006, Wongkhantee et al., 2006, Borjian et al., 2010, Li et al., 2014). Others 

considered pH 4.5 critical for erosive demineralisation (Meurman et al., 1987, 

Millward et al., 1997, Ganss et al., 2007). Repeated exposure to acidic drinks 

leads to sustained low intraoral pH below the critical pH (5.5) and allows the 

development of decalcification lesions (Featherstone and Lussi, 2006). However, 

recent studies advocate the importance of not judging the erosive potential of 
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products only by their pH, for there is no “critical pH” related to erosion (Carvalho 

and Lussi, 2020). Furthermore, the erosive potential of a solution is dependent on 

calcium and phosphate concentrations (Dawes, 2003, Carvalho and Lussi, 2020).  

      Other factors have been reported to be related to the erosive potential and 

extent of acidic drinks, such as, temperature and method of consumption 

(frequency, duration) (Amaechi et al., 1999a, West et al., 2000, Johansson et al., 

2004, Wongkhantee et al., 2006, Manton et al., 2010). It has been also observed 

that there is a relation between the temperature of the drink and pH. The pH of all 

beverages significantly increased when the temperature was reduced from 37°C 

to 4°C (Barbour et al., 2006, Manton et al., 2010). 

 

1.2.2.3   Changes to acidic food consumption: 

________________________________________________________________ 

      Through the decades, lifestyles and food habits have changed. Both the 

amount and the frequency of consumption of acidic foods and drinks were 

affected by this change. In the USA, soft drink consumption increased by 300% 

over 20 years and the serving size increased by almost triple the amount between 

the 1950s and the 1990s and more was expected onwards in the future (Cavadini 

et al., 2000, Lussi, 2006). This change considerably increased the potential of 

erosion for all age groups including children and adolescents (Lussi, 2006, 

Manton et al., 2010). A higher prevalence was reported among children aged 

between 3 ½ and 4 ½ years consuming soft drinks on most days compared with 
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toddlers consuming less (Nunn et al., 2003). In another UK study on subjects 

examined at the age 12 years old and 2 years after, recorded presence of enamel 

and dentinal lesions (5%, 2% respectively) that  noticeably progressed over 2 

years period (13%, 9%). Also, 12% of the children who demonstrated no evidence 

of erosion developed the condition over the subsequent 2 years (Dugmore and 

Rock, 2003). 

      Acidic drink consumption behaviour plays a major role in dental health. The 

extent of erosion has been shown to be significantly affected by the manner of 

exposure to acidic food and drinks, including frequency of consumption, duration 

of exposure, and temperature of the drink (Amaechi et al., 1999a, Wongkhantee 

et al., 2006). Excessive consumption of carbonated drinks was related to clinically 

encountered dental erosion (Cheng et al., 2009a, Wang et al., 2014), 

characterized with obviously decreased enamel hardness (Tantbirojn et al., 2008, 

Wang et al., 2014). The habit of consumption of carbonated drinks is already 

popular among youngsters and is unfortunately carried over into adulthood 

(Wongkhantee et al., 2006). Public awareness campaigns have been waged 

regarding the risk of dental disease related to sugar products consumption. 

However, awareness on dental erosion, another common cause of tooth surface 

destruction, is not enough. 
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1.2.2.4   Diagnosis and Grading of Dental Erosion: 

________________________________________________________________ 

      Different clinical scales and indices have been developed to facilitate 

examination, diagnosis, grading, and monitoring of dental erosion. However, 

studies are difficult to interpret and compare due to lack of standardization in 

terminology and the large number of indices developed. Some erosion indices 

even record lesions on an aetiological basis, yet none has universal acceptance 

(Bardsley, 2008).  

      Due to lack of fixed intra-oral reference points and accessibility, it is difficult to 

accurately monitor the change on natural tooth surfaces and the progression of 

erosive tooth wear inside the oral cavity. Moreover, most of the devices used for 

detection of surface and subsurface changes are designed to perform on specially 

prepared specimens. Therefore, in vitro and in situ studies are mostly applied to 

investigate alterations of dental hard tissues (Attin, 2006). 

      The literature is rich with methods than can be broadly divided into quantitative 

and qualitative in nature. Quantitative methods rely on objective measurements 

and are more sensitive and reliable to perform under controlled settings as on a 

model or in the laboratory. While, Qualitative methods, such as mild, moderate or 

severe, usually rely on subjective descriptions of the affected tooth surface and 

are more appropriate for a clinical intra-oral examination, where data collection is 

often carried out in a setting lacking sophisticated equipment. However, both 

methodologies utilise grading or scoring systems to identify progression of a 

condition (Bardsley, 2008). 
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      Early indices relied mainly on qualitative descriptive terms. The earliest index 

documented by (Broca, 1879) was the foundation for the development of further 

indices. It graded occlusal wear at horizontal or oblique patterns without including 

the aetiology. 

      Another early developed index is Restarski et al. (1945). Their index was a 

six-point grading system to evaluate the severity of the lingual surface erosive 

destruction observed in rat and puppy molars. However, concerns were raised 

regarding reproducibility. Higher accuracy was introduced by (Xhonga and 

Valdmanis, 1983), who quantitatively divided erosions into four levels utilizing 

periodontal probe measurements. They further classified erosion by 

morphological descriptions (wedge, saucer, groove, atypical). 

      In 1982, the FDI DDE index for enamel defects was developed. This was an 

example of an ideal basic structure index that allowed for the rise of more 

expanded categories to serve epidemiological research purposes (Bartlett et al., 

2008). 

      Upon the first and the most frequently reported indices is the Smith and Knight 

(1984). They developed the Tooth Wear Index (TWI) which classifies tooth wear 

at 4 sites per tooth (Buccal, cervical, lingual, and occluso-incisal) on a 5- point 

scale of all present teeth scored for wear, irrespective of the wear aetiology 

(Bardsley, 2008, Fares et al., 2009). The index notifies changes to enamel as a 

single grade, whereas records depth changes into dentine with 3 grades. The 

reason behind this was that the aim of the index, as most early indices, was to 

assess the need for operative intervention which is more applicable to dentine at 
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severe levels of involvement (Fares et al., 2009). However, this overlooks the 

changes in enamel restricting its use in interventional studies for erosion 

prevention where the short term changes mainly occur in enamel.  

      Lussi et al. (1991) developed an index modified from Linkosalo and 

Markkanen (1985), who utilised a qualitative index to categorize lesions as 

erosive with four grades of severity extending into dentine. Their index has been 

widely used by European researchers to score all teeth except the third molars. 

      In 2008, the Basic Erosive Wear Examination (BEWE) scoring system was 

introduced by Bartlett et al. (2008). This index was designed to provide a simple 

scoring system using the diagnostic criteria of all existing indices, to ultimately 

transfer their results into one score sum. The BEWE measures not only the 

severity of the condition but can also be transferred into risk levels that act as a 

guide towards management. 

      The BEWE records the most severely affected surface in a sextant. The four 

level score grades the lesion according to severity of wear from (0) no surface 

loss, (1) initial loss of enamel surface texture, (2) distinct defect including dentine 

(< 50% of the surface area), or (3) defect including dentine (>50% of the surface 

area). The highest score is recorded on the examined surface (Buccal/facial, 

occlusal, and lingual/palatal).  

      In 2009, (Fares et al.) developed “The Exact Tooth Wear Index” which is a 

modification to (Smith and Knight, 1984). In their index, tooth wear was graded 

separately for enamel and dentine using 5- and 6-point scales, respectively. All 

affected surfaces were reported, irrespective of the aetiology of wear. Following 
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the basic protocol described by Smith and Knight (1984), dentine exposure was 

scored using the colour of the exposed lesion to represent depth. 

      In our research, erosion lesions with different extension levels were created 

to try to resemble different clinically existing lesions. Erosion created lesions 

should resemble clinical initial lesion, and lesions extending into 1/3rd, 2/3rd, and 

all the enamel surface. Therefore, a quantitative index with coinciding extension 

levels for both enamel and dentine was required. The exact tooth wear index by 

(Fares et al., 2009) fit the criteria and therefore was applied (Table 1).  

 

Table 1: Exact Tooth Wear Index: 

Exact Tooth Wear Index for Enamel Exact Tooth Wear Index for Dentine 

0  No tooth wear: no enamel loss features 

    or change in contour 

1  Loss of enamel affecting < 10% of the 

scored surface 

2 Enamel loss affecting between 10% and 

1/3rd of the scored surface 

3  Enamel loss affecting ≥ 1/3rd but < 2/3rd of 

the scored surface 

4  Enamel loss affecting two thirds or more of 

the scored surface 

 

0  No dentinal tooth wear: no dentine loss 

1  Loss of dentine affecting < 10% of the 

scored surface 

2 Dentine loss affecting between 10% and 

1/3rd of the scored surface 

3  Dentine loss affecting ≥ 1/3rd but < 2/3rd of 

the scored surface 

4  Dentine loss affecting ≥ 2/3rd of the scored 

surface, without pulpal exposure 

5 Secondary dentine exposure or pulpal 

exposure 
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1.2.2.4.1   The Role of Saliva in Remineralisation (Natural and Artificial): 

________________________________________________________________ 

      In the oral environment exists a constant dynamic process of tooth structure 

demineralisation and remineralisation (de Alencar et al., 2014). Saliva minimizes 

the acid effects by its buffering qualities and acid dilution (Hannig and Hannig, 

2014, Hara and Zero, 2014). It is recognised as a biological factor that plays an 

important role in remineralisation. Its protective qualities include salivary 

clearance, buffering capacity, and level of saturation with minerals (Edgar et al., 

1994, Walsh, 2009). Saliva assumes repairing initial enamel lesions as it contains 

calcium, phosphate and fluoride that can modify the erosive process (Imfeld, 

1996b, de Alencar et al., 2014). Deposition of minerals onto the porous erosive 

layer seems to be involved in the process of remineralisation rather than crystal 

regrowth (Tantbirojn et al., 2008, de Alencar et al., 2014). In addition, stimulation 

of salivary flow rate can enhance the remineralising effect of saliva by increasing 

the bicarbonate buffer and salivary mineral content, which in turn facilitates 

mineral redisposition onto the enamel surface (Dawes, 1969, de Alencar et al., 

2014). Ideally, salivary effects should be replicated by using saliva substitutes in 

in vitro experiments. Artificial saliva is an oversaturated solution with respect to 

enamel and has long been used and proved to exert a remineralisation effect on 

softened enamel in vitro by saturation of enamel surface (Amaechi and Higham, 

2001a, Eisenburger et al., 2001a, Devlin et al., 2006, Torres et al., 2010, Aykut-

Yetkiner et al., 2014, Lussi et al., 2014). 

      The early stage of erosion is characterized by enamel softening and reversible 

acidic demineralisation. However, if the acidic environment persists, further 
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enamel dissolution occurs, resulting in gradual irreversible thickness loss 

(Barbour et al., 2006, Poggio et al., 2013). 

      For remineralisation, other important components of saliva are its proteins (as 

glycoproteins and phosphoproteins). When glycoproteins are adsorbed onto the 

tooth surface, they form a protective pellicle layer, whereas, phosphoproteins are 

responsible for regulating the calcium saturation of the saliva. In conditions of acid 

attack, salivary pellicle is known to form a protective barrier against acid 

penetration, by that reduces enamel mineral loss. Moreover, the early 

glycoproteins pellicle promotes remineralisation by attracting calcium ions (Hannig 

et al., 2004, Wiegand et al., 2008). Previous in vitro studies have shown that the 

efficacy of pellicle layer protection is affected by the degree of its maturation 

(Zahradnik et al., 1978, Hannig, 2002). However, some in vitro studies investigated 

the inhibitory effect of in vitro formed pellicle on enamel demineralisation, and 

observed partial inhibition of demineralisation with short-term pellicle layer 

formation of 3 min (Hannig et al., 2004). Moreover, no distinct structural differences 

were observed on eroded enamel surfaces, independent of pellicle formation time 

(3, 60 or 120 min-old pellicles). Amerongen et al. (1987) observed significant 

inhibition of demineralisation within a 9 min pellicle formation time. While, 

maximum enamel surface protection was achieved as early as 60 min of pellicle 

formation time. 
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1.2.2.5   Methods for Assessment and Measurement of Dental Erosion: 

________________________________________________________________ 

      No one method of erosion assessment is suitable for different stages of the 

lesion. Many factors determine the potential applicability and limitations of existing 

methods in characterizing erosion, including: the specimen surface condition 

(natural or flat), the nature of the lesion included in the study (erosion or erosion 

plus abrasion), the experimental model type (in vitro, in situ, or in vivo), need for 

longitudinal measurements (use of destructive or non-destructive methods), and 

the type of required outcome (qualitative or quantitative data). 

      Different methodological approaches have been used to assess dental 

erosion according to the pattern of interest; namely loss or softening of dental 

hard tissues. A couple of the most established techniques have been 

implemented in this research including Scanning Electron Microscope (SEM), 

Surface Microhardness Measurement (SMH), surface profilometry, Confocal 

Laser Scanning Microscopy (CLSM), Micro Computerized Tomography (µCT), 

Optical Coherence Tomography (OCT), and Fourier Transform Raman 

Spectroscopy (FT- Raman) and many more. Techniques applied in our research 

only were discussed in this chapter. 

      Enamel and dentine behave differently to acid erosion (Lussi et al., 2011). 

Because of high mineral content in enamel, erosion is manifested initially as 

partial surface demineralisation followed by softening and increased roughness. 

While, dentine composed of less mineral and more organic material, and mineral 

loss initially starts between the peri- and intertubular dentine, followed by loss of 
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peritubular dentine and widening of the dentinal tubules and finally intertubular 

dentine demineralisation and exposure of the organic matrix (Meurman et al., 

1991, Kinney et al., 1996, Schlueter et al., 2011). Due to these histological 

differences, methods suitable for assessment of enamel are not necessarily 

suitable for dentine. 

      As a general approach, profilometry was found to be the most commonly 

applied quantitative method to for both enamel and dentine assessment in in vitro, 

in situ and in vivo models, followed by surface hardness methods to evaluate 

enamel and microradiography for dentine. While, the most commonly applied 

qualitative method to study erosion in both tissues was scanning electron 

microscopy (SEM). 

 

1.2.2.5.1  Scanning Electron Microscopy (SEM): 

________________________________________________________________ 

      Scanning Electron Microscopy qualitatively estimates surface alterations after 

erosive attacks. SEM imaging can be performed on both polished and unpolished 

after gold or carbon coating. SEM investigations have been applied to evaluate 

eroded enamel and dentine surfaces after acid attacks (Oshiro et al., 2007, 

Poggio et al., 2013). It was also applied to evaluate the salivary acquired pellicle 

and its efficacy to protect underlying enamel surface from acidic dissolution 

(Meurman and Frank, 1991b, Hannig, 2002, Hannig et al., 2004), or to 

demonstrate surface deposits precipitates resulting from mineral deposition with 

different remineralising agents (Poggio et al., 2013). However, SEM technique 
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does not provide as detailed information about surface alterations of eroded 

samples as energy dispersive X-ray spectroscopy that could be coupled with SEM 

to analyse elemental distribution in the top few micrometres of a sample surface. 

This is achieved by an electron beam that hits the surface and leads to excitement 

of surface atoms resulting in X-rays emission. This process may provide 

information about element distribution, such as calcium, phosphate and carbon 

with a concentration of about 1 wt. %. 

 

1.2.2.5.2   Surface Profilometry: 

________________________________________________________________ 

      A surface profilometer (surfometer) can determine both the irreversible loss of 

dental hard tissue and surface roughness. It quantifies dental tissue loss in 

relation to reference area (non-treated) (Attin, 2006, Field et al., 2010, Schlueter 

et al., 2011). Profilometry is able to generate two- or three-dimensional profiles of 

the scanned specimen surface. Either a laser beam or a contact stylus (metal or 

diamond) can be used to scan specimens. A complete map of the specimen 

surface can be generated with the scan (Attin, 2006). However, laser scanning is 

preferred over the stylus scanning for erosion samples as the outermost layer of 

the lesion is very fragile and easy to damage by the stylus movement (Ren et al., 

2009) which may lead to overestimation of early erosion lesion depth. 

Furthermore, the laser beam generates higher resolution scans compared to the 

contact stylus. Profilometers are able to produce precise measurements with low 

variations with either irregular or polished surfaces (Attin, 2006). However, flat 
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specimens are preferred for maximum sensitivity and accuracy (Hara and Zero, 

2008). To calculate differences in height (thickness loss) between treated and 

untreated surfaces, two scans are obtained with a common reference point. 

Differences between these two scans are determined using a specific software 

(Venables et al., 2005, Attin, 2006). In this case, correct repositioning of the 

sample in the profilometer for the two readings is extremely important. 

Profilometry method is applicable for both direct testing of samples or indirect 

measurements of intra-oral erosion lesion via replicas. 

 

1.2.2.5.3   Confocal Laser Scanning Microscopy: 

________________________________________________________________ 

      CLSM is non-destructive microscopic tomography technique mainly 

developed for cell biology that allows exploration of cells and their internal 

structures.  This technique is capable of generating high-resolution images, 

allowing 3D reconstructions of optical scan layers in specimens. In translucent 

objects such as teeth, it potentially provides insight into internal structure of the 

enamel lesions and allows visualization of subsurface microstructure that are not 

otherwise obtainable with other imaging tools. The principle behind it is based on 

using confocal apertures to eliminate stray light from out-of-focus planes. Images 

are obtained by scanning the region of interest with a spot-size light source (laser) 

then collecting the light reflected from the in-focus plane. Tomographic features 

allow in depth imaging of a series of consecutive images in either x-y or z optical 

planes. The CLSM technique was first applied in dentistry by Watson (Watson, 
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1990a, Watson, 1990b, Watson, 1991, Watson, 1994, Watson, 1997, Watson et 

al., 2008, Watson et al., 2014) to visualize unsectioned tooth restoration 

interfaces. It is used in reflection mode to produce images of enamel down to 

about 100µm from subsurface regions (Duschner, 1995, Øgaard et al., 1996). 

However, new generation microscopes allow deeper penetration of around 150–

200µm below the surface (White et al., 2002, Attin, 2006). 

      This imaging technique excludes artefacts induced by sample preparation 

(drying, cutting, and coating) necessary for other techniques as SEM and can 

assess different types of tooth samples including unpolished and wet. However, 

polished tooth samples are mostly used for CLSM. The lateral and axial resolution 

of the confocal microscope is the function of the laser light wavelength and the 

numerical aperture of the objective lens. 

      CLSM operates in the following manner: illumination, achieved by a gas type 

monochromatic laser (e.g. Ar/Kr or He/Ar) which is focused within a fluorescent 

specimen into a small focal volume by an objective lens. Specific wavelengths of 

the laser beam can be filtered (usually 488 nm) to allow laser focusing on the focal 

plane. The emitted fluorescent light in combination with some reflected laser light 

is then recollected by a detector and objective lenses. Computer software is used 

to combine images from a sequence of focal planes to generate 2D or 3D images. 

The focal plane of illumination is equal to the focal plane of detection, which 

makes them confocal. 

      For dental erosion studies, CLSM allows histotomographic qualitative 

assessment of mineral dissolution and hard tissue loss, as light reflection and 
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scattering in tooth samples are greatly influenced by micro-histological changes 

within the sample (Zentner and Duschner, 1996, Duschner et al., 2000, Lussi and 

Hellwig, 2001, Attin, 2006). However, information about the degree of 

demineralisation is limited by this technique. Thus, to obtain a clearer view, CLSM 

is often combined with other methods as analysis of mineral loss, surface 

microhardness, or others. 

      Although CLSM is mostly applied to obtain qualitative information, quantitative 

values of erosion softening depth and tissue loss can also be obtained. However, 

its’ application in dentine erosion studies warrants further investigation (Heurich 

et al., 2010, Schlueter et al., 2011). 

 

1.2.2.5.4   Optical Coherence Tomography (OCT): 

________________________________________________________________ 

      Optical coherence tomography (OCT) is a valuable non-invasive optical 

technique that is considered one of the most promising methods of assessing the 

surface characteristics of enamel in vitro and in vivo (Wilder-Smith et al., 2009, 

Machoy et al., 2017). It is a unique development in relation to X-ray dependant 

diagnostics exposing patients to unnecessary radiation. OCT is suitable for 

intraoral scans of both hard tissue (enamel, dentine) (Hsieh et al., 2013, Chew et 

al., 2014, Lee et al., 2016) and soft tissues (gingival margin, periodontal pockets 

and attachments) (Otis et al., 2000, Chun-Te Ko et al., 2005, Fernandes et al., 

2016, Machoy et al., 2017). 
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      The OCT method uses near-infrared light to generate subsurface cross-

sectional images of enamel samples by measuring backscattered light magnitude 

and echo time delay (Huang et al., 1991, Wilder-Smith et al., 2009, Schlueter et 

al., 2011, Lee et al., 2016, Machoy et al., 2017). Moreover, information about 

enamel thickness is provided by the generated images. Imaging of depths up to 

3 mm can be obtained, which is ideally suitable for assessing the whole enamel 

thickness including DEJ. The resulting images (B-scans) are two-dimensional 

(2D) in the (X-Z) axes. OCT generates multiple sequential B-scans in the Y-axis 

creating a stack of images that can be reconstructed into a three-dimensional (3D) 

image of the sample (Al Azri et al., 2016, Machoy et al., 2017). OCT technique is 

comparable to ultrasonography (USG). As OCT depends on the faster light than 

sound transmission characteristic for USG, it generates much higher image 

resolution. However, it allows limited tissue penetration compared to USG (2 mm 

vs 10 mm) respectively (Machoy et al., 2017). 

      In dentistry, OCT has been applied since 1998 (Colston et al., 1998) in caries 

research (Fried et al., 2002, Chun-Te Ko et al., 2005, Manesh et al., 2009, Kang 

et al., 2010, Machoy et al., 2017), optical properties of enamel prism and dentinal 

tubules (Hariri et al., 2012, Machoy et al., 2017), enamel erosion (Park et al., 

2013, Machoy et al., 2017), demineralisation and remineralisation of enamel and 

dentine (Kang et al., 2012, Chew et al., 2014, Machoy et al., 2017), detection of 

enamel defects and cracks (Nakajima et al., 2012, Lee et al., 2016, Machoy et al., 

2017), assessment of restorations adaptation and leakage, evaluation of 

prosthetic work including structural defects and microleakage without the need to 

remove the restoration (Sinescu et al., 2008, Sumi et al., 2011, Machoy et al., 
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2017), evaluation of the salivary pellicle (Baek et al., 2009, Machoy et al., 2017), 

and application in maxillofacial surgery to separate normal and dysplastic lesion 

structures (Adegun et al., 2012, Adegun et al., 2013, Machoy et al., 2017). 

      In erosion, demineralised enamel is more porous compared to sound enamel, 

resulting in change to its optical properties, and hence reflected light intensity 

change showing as qualitative results which can also be quantified (Popescu et 

al., 2008, Huysmans et al., 2011). Quantitative measurements of the 

backscattered light intensity at the scanned surface, provides information about 

surface porosity and the depth of penetration of the scanned area, penetration is 

reduced when scattering occurs. Recent years have witnessed rapid development 

in OCT in terms of image resolution enhancement, image contrast enhancement, 

image acquisition time reduction, and tissue penetration (Huysmans et al., 2011). 

These developments have made OCT one of the most powerful diagnostic tools 

in experimental and clinical fields. 

 

1.2.2.5.5   X-ray Microcomputed Tomography (Micro-CT): 

________________________________________________________________ 

      The early 1970s witnessed the development of x-ray computed tomography 

(CT) imaging. Since then, the diagnostic tool has advanced and has been applied 

extensively in medicine and later on in dentistry. X-ray computed tomography 

(CT) is a non-destructive X-ray method producing images of thin slices with 

constant thickness. Images are captured from multiple angles and then 

reconstructed into a 3D maps with spatial distributions corresponding to different 
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attenuating material densities within the scanned object (Hounsfield, 1973, Swain 

and Xue, 2009). In contrast, conventional radiography is limited to producing 2D 

images of the attenuated material in the X-ray path. X-ray micro-computed 

tomography (Micro-CT or μCT) was introduced in the 1980s with a much higher 

resolution. They usually produce images composed of voxels (volume elements) 

in the range of 5-50 μm (Kuhn et al., 1990). 

      Micro-CT is designed for mineralized tissue examination (bone, teeth, and 

ceramics). However, its application can extend to soft tissues. And since the 

procedure is non-destructive, repeated sample examination is possible. The use 

of micro-CT in conjunction with finite element Analysis (FEA) has become of great 

interest in recent years. Where micro-CT scans multi-layered and small objects 

(bone, teeth, dental implants and restorations) to generate a more precise model 

replica to be used for FEA meshing. Micro-CT of a tooth generates a segmented 

model into enamel, dentine, and pulp based on different grey levels related to 

different mineralization level of structure components. After that, unique material 

properties are assigned to each component segment together with boundary 

conditions to simulate stress/strain in the tested structure (Magne, 2007, Swain 

and Xue, 2009). 

      Micro-CT could be also applied for assessment of structural loss after 

degradation, precisely locating material loss (Hollister et al., 2005). This gives the 

advantage of characterizing mineral densities in sound enamel and dentine and 

tooth tissue loss related to demineralisation with dental caries and erosion (Swain 

and Xue, 2009, Hamba et al., 2011). 



69 

 

1.2.3  Stress and Strain in Teeth: 

________________________________________________________________ 

      Biomechanical studies in medical material sciences are critical to understand 

how living tissues interact with external forces in their environment. These studies 

require implementation of particular research techniques. Strain is defined as the 

geometric deformation within the material under loading. The relationship 

between stress (intervals of loading) and strain (the amount of deformation) is 

unique for each material and reveal many properties of the material. Strain is 

expressed as the ratio between the length change and original length, and is 

calculated according to the following equation: 

ɛ= 
𝐿−𝐿˳

𝐿˳
 = 

∆𝐿

𝐿˳
 

      Where L˳: original length; L: current length; ΔL: length change. 

According to above equations, compressive strain and tensile strain are negative 

and positive values, respectively (de Medeiros et al., 2019, Chun et al., 2014). 

      Different methodologies have been recruited to assess stresses and record 

strain in teeth but no single technique could meet all the requirements to display 

the involved physiological interactions. Development of computer systems has 

enabled complex analytical systems as finite element analysis (FEA). However, 

traditional techniques including strain gauge measurements and photoelastic 

analysis are still applied.(Karl et al., 2009). 

      In vitro investigations include either destructive or non-destructive tests. 

Destructive tests include load-to-failure tests. While, some common non-

destructive methodologies include strain gauge method, photoelastic stress 
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analysis. High accuracy, whole-field strain measurements can be also achieved 

by optical techniques such as digital holography, Electronic Speckle Pattern 

Interferometry (ESPI), and Digital Image Correlation (DIC). Optical techniques 

allow contact-free measurements with special advantage in cases of specimen 

fabrication challenges, as the necessity of maintaining hydration or geometric 

limitations of available tissue samples. While traditional “load-point” experiments 

provide an insight into surface strain and reveal some biomechanical issues, a 

complex modelling tool is required to assess the stress distribution within the 

complexity of a tooth structure under load. The most commonly used is finite 

element analysis (FEA) method. The use of a combination of one or two methods 

is important to validate results and provides the potential for major advances in 

this area. 

 

1.2.4  Strain Measuring Techniques: 

________________________________________________________________ 

1.2.4.1  Strain Gauges: 

________________________________________________________________ 

      The gold standard of material strain and stress analysis is the electric 

resistance wire strain gauges. Gauges have been used for many decades in 

dental research (Meredith and Setchell, 1997, Jantarat et al., 2001, Soares et al., 

2008a, Karl et al., 2009, Yang et al., 2011, Valdivia et al., 2012, Veríssimo et al., 

2014, Machado et al., 2017, Vianna et al., 2018, Robinson et al., 2019, Roperto 

et al., 2019). The gauge consists of a coil of conducting material integrated on a 
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plastic backing film. The gauge is attached to the surface of the object by means 

of an adhesive. The gauge measures the electrical resistance of the coil 

conductor. This merely depends on its cross-sectional area which is altered under 

tensile or compressive stresses, resulting in a different electric resistance. This 

current is transferred and measured using a Wheatstone bridge configuration 

within the strain measurement amplifier. Data gained from strain gauges are 

quantitative and can be used as a basis for other methodologies calculation and 

validation. Strain gauges have the disadvantage of having a small size which is 

considered a common source of error limiting strain reading to a precise area 

which may not cover the region of interest. Additionally, strain gauge performs 

measurements of external surface deformation, without reflecting internal surface 

deformations.  Moreover, strain gauge signals are affected by temperature 

changes, therefore, the temperature sequence should be controlled and 

monitored (Karl et al., 2009, Machado et al., 2017). 

 

1.2.4.2 Electronic Speckle Pattern Interferometry (ESPI): 

________________________________________________________________ 

      (Electronic Speckle Pattern Interferometry) is a branch of coherent optics. It 

is a well-established precise optical technique that relies on the properties of laser 

beams. ESPI is often used to study displacement (dislocation) distribution 

associated with the superficial deformation of an object in a mechanical system 

due to stresses, loads or vibrations with no direct contact (Vannoni and Molesini, 

2005, Monteiro et al., 2010). Displacement measurement is based on the 
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alteration of the optical path that light follows. Alteration in optical path is due to 

the mechanical roughness in the surface (Campos et al., 2014). Classical 

interferometry includes a number of developments used in a wide range of 

industrial applications, as holography, moiré and speckle techniques (Creath et 

al., 1993). 

      Speckle interferometry takes advantage of the behaviour of rough surfaces as 

it relies on the changes in the specimen surface to produce the distinctive speckle 

patterns (Creath et al., 1993, Huntley, 1998, Saleem et al., 2003). When a laser 

beam illuminates a non-polished surface, the reflected light on a screen appears 

like a random pattern of bright and dark spots “speckle”. This is a result of the 

coherence of the laser source. (Vannoni and Molesini, 2005). 

      Interferometry is a subject that is known with phase differences (Moore and 

Tyrer, 1995, Huntley, 1998, Saleem et al., 2003). These phase differences are 

typically generated from variation in intensity of coherent light sources such as 

lasers detected by devices such as charge-coupled device (CCD) cameras. 

Deformation of the material is translated as changes in the observed speckle 

pattern due to the superposition of two beams of light and is used to measure the 

displacements and strains at its surface. 

      Phase shifting uniquely determines the phase measurement. Phase shifting 

is introduced between the interfering beams, enabling phase extraction by 

measuring fringes. Phase shifting could be introduced as a function of time 

(temporal phase shifting) or of position in the image (spatial phase shifting). 

Temporal phase shifting is achieved by a mirror controlled by a piezoelectric 
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translator (PZT). Loading the sample results in alteration of the path and phase 

differences. Therefore, this technique allows measurement of the surface 

deformation related phase changes in relation to the reference state. On the other 

hand, for spatial phase shifting, a single distribution is sampled at discrete points 

in the image (Creath et al., 1993, Campos et al., 2014). 

      There are several advantages of this technique that favours its use for 

measuring displacement and strain distributions in teeth. The method is non-

contact and does not require modification of the specimen surface by preparation 

or grating. Also, far higher strains can be detected than was previously accessible 

(Saleem et al., 2003). Some concerns in the application of interferometric 

techniques include the complex surface preparation required to achieve proper 

reflection. Hydrated sample surface interferes with laser reflection and hence 

phase map formation (Niu et al., 2000, Zhang and Arola, 2004). This poses a 

challenge when working with biological tissues that require evaluation to be 

conducted without dehydration. Although the concept is quite simple, additional 

concerns as sensitivity to vibration and the need for photographic film processing 

make it difficult to develop applications outside the laboratories. (Rastogi, 1993, 

Vannoni and Molesini, 2005, Erf, 2012). 

 

1.2.4.2.1  ESPI Configurations- Out of Plane Displacement Measurement: 

________________________________________________________________ 

      Out-of-plane displacement is displacement along the viewing direction. To 

obtain out-of-plane measurement, a “reference beam”; an expanded beam 
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derived from the laser beam, is added to the image of the object formed on the 

video camera through a beam splitter. Another beam “object beam” is directed 

towards the object to form a “speckle” viewed by the camera. The amplitude of 

the light at any point in the image is the sum of the light from both the object 

“object beam” and the “reference beam”. The distance travelled by the object 

beam changes as the object moves in the direction of viewing and therefore the 

amplitude of the combined beams changes. Subtracting the second speckle 

pattern “deformed” from the first “undeformed” generates fringes that represent 

contours of displacement (Figure 1.1). 

     

1.2.4.2.2  ESPI Configurations- In-plane Displacement Measurement: 

________________________________________________________________ 

      In-plane movement of an object is movement in the vertical direction. To study 

in-plane movements of a physical system, the object surface is illuminated by two 

Figure 1.1: ESPI set-up for out-of-plane displacement measurement. (A) Diagram, 

(B) author’s set-up. 
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laser beams expanded from the diode with a beam splitter. The laser beams are 

mutually coherent with equivalent states of polarization. Plane mirrors are used to 

reflect the two beams on the object surface at two opposite but equal angles ϑ to 

the normal forming a speckled image (Figure 1.2). 

 

 

 

 

1.2.4.2.3  ESPI Data Processing: 

________________________________________________________________ 

      For both in-plane and out-of-plane arrangements, the image of the 

undeformed test surface is captured and stored in electronic memory. A fringe 

pattern can then be obtained by subtracting “undeformed” image from subsequent 

live images of the deforming surface, mapping contours of phase difference 

Figure 1.2: ESPI set-up for in-plane displacement measurement, (A) Diagram 

(Courtesy of Vannoni and Molesini 2005), (B) author’s set-up. 
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between wavefronts (Figure 1.3) (Moore and Tyrer, 1996, Vannoni and Molesini, 

2005). 

 

      Once the speckle interferograms are obtained, qualitative and quantitative 

interpretation can be made. The data consists of the location of the fringes and 

their sequential ordering number. Numbering can proceed from left to right and 

fringe location can be associated with fringe centres. Recently, computer 

softwares were developed to process photos consisting the central figure of the 

structure under investigation. The result is a file with (x, y, z) format on each line, 

where x, y represent the spatial coordinates of the sampled points, while, z 

represents the displacement, given by the fringe number multiplied by the scaling 

factor (for example, λ/2) (Vannoni and Molesini, 2004, Vannoni and Molesini, 

2005). Finally, we can write software to read this file and fit the data to an 

appropriate function. It includes a colour scale that serves to analyse the results, 

with each colour corresponding to a certain percentage of strain obtained during 

loading (Tanasic et al., 2012). 

Figure 1.3: Subtraction of the image of the illuminated test surface of the 

deformed sample (with loading) (B), from the undeformed (before loading) (A) to 

produce the Interferogram fringe phase map (C). 

B 

 

B 
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1.2.4.3   Digital Image Correlation (DIC):  

________________________________________________________________ 

      Digital Image Correlation or currently called white light speckle photography 

is an innovative non-contact optical technique for measuring strain and 

displacement, with common application in experimental mechanics. However, its 

application in dentistry is rather limited. In dentistry, DIC is usually focused on 

strain with restorative material shrinkage and in vitro implant, prostheses, and 

supporting bone loading (Kovacic et al., 2019, Mitrović et al., 2019). The DIC 

method originated at the University of South Carolina in the early 1980s and has 

been widely used in displacement, strain and flow measurements in recent years 

(MORITA et al., 2007, Li et al., 2009, Tiossi et al., 2012, Li et al., 2013, Tanasic, 

2017). The optical process in DIC to obtain correlation between signals is 

replaced by digital procedures. Traditional optical techniques require numerical 

functions to obtain phases resulting in the process of phase unwrapping. What 

characterizes DIC is that the process of fringe unwrapping is bypassed as 

displacements are directly obtained by point movement paths (Sciammarella and 

Sciammarella, 2012). DIC is relatively simple to use, accurate, cost effective, and 

less technique sensitive compared to other techniques such as speckle 

interferometry with the potential to be applied outside of the lab (McCormick and 

Lord, 2010). DIC has been commonly used to document plastic deformation of 

materials as it is capable of quantifying large strains (>50%) (Wattrisse et al., 

2001, Zhang and Arola, 2004). Yet, application of DIC for evaluation of biological 

materials is rather limited. 
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      DIC developed as a technique to measure displacement using artificially 

generated random patterns simulating actual speckles (Peters and Ranson, 1982, 

Sutton et al., 1988, Sciammarella and Sciammarella, 2012). One way to obtain a 

random surface speckle pattern that generates a good signal to noise ratio is to 

have either black spots sprayed on a light/white background, or white spots on a 

dark/black background. Compared to speckle photography carried out with actual 

speckles, artificial speckles do not suffer from problems experienced by actual 

speckles due to the motion of the surfaces (Sciammarella and Sciammarella, 

2012). Also, good illumination is always required, for that a white light source can 

provide the illumination. 

      Images can be obtained through a variety of sources including conventional 

CCD cameras, digital cameras, macroscopes, or microscopes (McCormick and 

Lord, 2010). The procedure to decode displacement is by comparing information 

of two recorded images of the specimen, one recorded before deformation and 

another after deformation. By that, two speckle images were recorded and saved 

in the memory of computer software. A small subset is extracted from these two 

images. The subset is then enlarged to show the distribution of grey levels 

(Sciammarella and Sciammarella, 2012, Zhang and Arola, 2004). Each point on 

the surface is unique and the distribution in light intensity can be described by the 

grayscale matrix F (x,y).  After deformation of the object, each point on the surface 

(x,y) is assumed to exist at a new location (x*,y*) (Figure 1.4). By finding the 

position of the light intensity distribution F*(x*,y*) that most closely resembles the 

original distribution F (x,y), the in-plane surface displacement can be determined 
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(Zhang and Arola, 2004). The position with maximum correlation coefficient (C) is 

calculated to obtain the location of F*(x*,y*) according to the following equation 

C= ‹FF*›-‹F›‹F*›              _                

     [‹(F-‹F›)2›‹(F*-‹F*›)2›]1/2 

 

      Where F and F* represent the grayscale matrices of the subset in the 

undeformed image at position (x,y) and (x*,y*) in the deformed image, 

respectively. The symbol ‹ & in the Equation indicates the mean value of the 

elements in the matrix. 

      The digital cross-correlation between the two subsets is computed and a 

correlation peak is produced. The amount and direction of local displacement is 

given from the position of the peak in the sub-set and is measured to the accuracy 

of the pixel. The height of the peak indicates the degree of correlation. After cross-

correlation normalization to the value of 1, values of the peak near 1 will indicate 

a good correlation. Lower values indicate correlation degradation (Zhang and 

Arola, 2004, Sciammarella and Sciammarella, 2012). 
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      Currently, subsequent analysis can be done with specialist software which 

derives the strain on the surface from displacement field collectives, providing a 

full-field strain measurement (Li et al., 2009, Tiossi et al., 2012). 

      As DIC is based on a subset of pixels, the spatial resolution of the obtained 

results is determined by the ratio of the pixels subset size to the overall size of the 

region under observation. Conventional DIC only analyses the in-plane 

displacements. However, using two or more cameras provides information 

relevant for the extraction of full three-dimensional displacement fields (Roux et 

al., 2009, Sutton et al., 2000). The out-of-plane displacement can exist but should 

be limited. This could be established by carefully maximizing the distance 

between the camera lens and the sample without sacrificing image magnification 

which affects measurement resolution. 

 

Figure 1.4: Object surface subset point position change with deformation. 
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1.2.4.4   Finite Element Analysis (FEA): 

________________________________________________________________ 

      Stress- strain analysis of dental structures has gained increasing interest in 

dentistry in recent years. The main objective of these analyses is to determine 

weaknesses in the studied structures and work on the improvement of their 

mechanical strength (Srirekha and Bashetty, 2010). Stress investigations of 

biological structures offer an insight into their biomechanical properties and can 

predict their behaviour under loading (Merdji et al., 2013). There are mainly three 

methods to perform stress analysis: analytical, experimental, and computational 

(numerical) (Srirekha and Bashetty, 2010, Merdji et al., 2013). Analytical methods 

are not available for complex dental structures. While, experimental approaches 

are still widely used where samples are purposely prepared and definitive but 

these are considered expensive, highly dispersive and time consuming (Ausiello 

et al., 2001). The numerical method; with the increase in computational power, 

helps to simulate with a great accuracy the functioning of biological structures. 

The primary and most applicable computational method for stress analysis today 

is the finite element analysis (FEA). FEA is a powerful numerical research tool to 

understand the mechanical behaviour of materials. It provides an insight into the 

complex mechanical structure of bodies affected by stress fields which is difficult 

to accomplish otherwise (Ausiello et al., 2001, Romeed et al., 2006, Karl et al., 

2009, Merdji et al., 2013, Zeola et al., 2015). FEA has been long used in 

engineering and industry since the 1960s (Turner, 1956, Zienkiewicz et al., 1977, 

Rao, 1986, Ameen, 2005, Merdji et al., 2013). It was first developed to solve 

structural problems in the aerospace industry (Karl et al., 2009, Srirekha and 
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Bashetty, 2010). Subsequently it has been applied in medical and dental research 

(Meroueh, 1987, Siegele and Soltesz, 1989, Karl et al., 2009). 

      In dentistry, the application of FEA is rather recent. The first article on the 

subject dates back to 1973 and was published by Farah et al. (Farah and Craig, 

1975). FEA was mainly focused on studying load transfer between dental 

implants, their supporting tissues and prostheses (William et al., 1990, DeTolla et 

al., 2000, Geng et al., 2001, Akça et al., 2002, Karl et al., 2009), and to study 

strain in teeth enamel, dentine, and related restorations (Thresher and Saito, 

1973, Yettram et al., 1976, Magne and Belser, 2002, Palamara et al., 2002, 

Lertchirakarn et al., 2003, Magne and Tan, 2008, Magne and Oganesyan, 2009). 

The application of this technique is still relatively small mainly due to (i) the 

difficulty associated with the modelling of different shapes related to the dental 

structure to be analysed, (ii) the difficulty in obtaining the mechanical properties 

and dynamics of the constituent materials of the involved oral structures: enamel, 

dentine, cementum, pulp, etc., and (iii) the difficulty to predict failure related to 

complex geometries made of multiple materials (Merdji et al., 2013). Furthermore, 

there is a complexity associated with an expert running the software. The 

mathematical description of the structure geometry, loading configuration, 

material properties, external and internal boundary conditions may also be 

complex. On the other hand, FEA offers several advantages when compared to 

laboratory experimental testing. The simulation does not require involvement of 

human material, the tested variables can be easily changed, and the procedure 

is highly standardized (Srirekha and Bashetty, 2010).  
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      FEA can minimize the need for experimental testing but cannot replace it. 

Nowadays, the experimental-numerical method combinations are considered the 

most comprehensive investigations in restorative dentistry (Tantbirojn et al., 2004, 

Magne, 2007). The experimental process can be digitally simulated and be 

available for observation in virtual prototyping with the convenience to change the 

shape or material properties to obtain the new results (Merdji et al., 2013). 

      The basic concept of this numerical method is to divide a model of the body 

of interest, involving complicated geometries for which no simple analytical 

solution can be applied, into a finite number of elements or small areas where 

individual deformation (stress, strain, or displacement) can be calculated rather 

than for the whole large structure. Simultaneously solving deformation of all small 

elements results in assessment of the deformation of the structure as a whole 

(DeTolla et al., 2000, Geng et al., 2001, Magne and Belser, 2002, Karl et al., 2009, 

Magne and Oganesyan, 2009). In contrast to FEA, strain gauges present a single 

point measurement that may miss critical details and cannot demonstrate strain 

gradients in anisotropic non-homogenous structures used in biomechanics. Also, 

the two-dimensional patterns of digital image correlation and electronic speckle 

pattern interferometry provide only simple in-plane or out-of-plane surface 

deformation measurements and are extremely sensitive to object movement 

(Tyson, 2000, Karl et al., 2009). 

      FEA is usually represented as two- or three- dimensional models. The choice 

between using 2D or 3D FEA used to investigate complex geometries can only 

be made with understanding of the advantages and limitations of both 

approaches. Although two-dimensional FEA is relatively simple and has been 
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extensively applied in dental research to achieve good element and simulation 

quality (Magne and Douglas, 1999, Romeed et al., 2006), numerical results of 

dental structures obtained by this model suffer some shortcomings compared to 

three dimensional models. As human teeth are irregular in shape and lack 

symmetry, they cannot be accurately represented by 2D volumes (Rees, 1998, 

Romeed et al., 2006, Srirekha and Bashetty, 2010). In contrast, new generation 

3D models generate optical realistic analysis with detailed anatomical features 

and computational process. However, older versions of 3D FEA models suffered 

some disadvantages. They presented coarser meshes that could not represent 

thin layers as at tooth restoration interfaces, or fine details as preparation margins 

(Korioth and Versluis, 1997, Magne and Douglas, 1999, Romeed et al., 2006). 

The application of micro-scale computed tomography scanning technique is one 

of the new advances in FEA model acquisition that solved the problem and 

allowed accurate anatomical details of dental structures; such as human teeth 

and jaws, to be obtained (Rüegsegger et al., 1996, Shimizu et al., 2005, Magne, 

2007, Srirekha and Bashetty, 2010).  

      Properties of the materials involved in the modelled structure including 

Young’s modulus, yield strength, and Poisson’s ratio together with the boundary 

conditions of the virtual object define how an object reacts to certain loading 

conditions and may greatly influence the resulting stress and strain distributions 

(DeTolla et al., 2000, Geng et al., 2001, Al‐Sukhun et al., 2007, Karl et al., 2009). 

Material properties can be either isotropic (same properties), or anisotropic 

(different properties) (Motta et al., 2006, Srirekha and Bashetty, 2010) and FEA 

can reflect each. All real-life materials are anisotropic, but are simplified into 
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isotropic or orthotropic (different properties along 3 axes, namely- x, y, and z) 

(Srirekha and Bashetty, 2010). 

      Many studies have evaluated the comparability of strain gauge measurements 

and finite element analysis. Good correlations have been reported between strain 

gauge and numerical analysis for displacement measurements on dental 

structures (Al‐Sukhun et al., 2007). On the other hand, differences (Akça et al., 

2002, Srirekha and Bashetty, 2010) or non-compliance (Lertchirakarn et al., 2003, 

Srirekha and Bashetty, 2010) between both methods were found by other 

researchers. However, partial agreement was found by others between the two 

methodologies (İplikçioğlu et al., 2003, Srirekha and Bashetty, 2010). 

 

1.3 Aim of the study: 

________________________________________________________________ 

      Based on the aforementioned literature, caries and acid demineralisation 

cause tooth tissue loss. Loss of tooth structure within the coronal aspect of the 

tooth can alter stress distribution within a tooth. It has been well demonstrated 

that the fracture resistance of the restored teeth is lower than sound teeth. The 

combined effect of the quantity of the remaining coronal tooth structure together 

with its dimension recommendations and the most appropriate restoration design 

and restorative material still need further evaluation. Therefore, the main aim of 

this research was to map and evaluate tooth strain in teeth with different amounts 

and areas of remaining tooth structure and tooth surface loss created by dental 

preparation (simulating caries created lesions) or soft drink demineralisation 
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(simulating external acid erosion lesions), before and after restoration utilising 

different techniques: strain gauges (SG), the surface displacement field measured 

using Digital Image Correlation (DIC), electronic speckle pattern interferometry 

(ESPI), and finite element analysis (FEA). In addition, testing teeth affected by 

erosion required testing and verifying different acid demineralisation protocols. 
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____________________________________________ 
CHAPTER 2 

____________________________________________ 

 

Development of Erosion Methodology 

 

 

 

2 Chapter 2- Development of Erosion Methodology 
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2.1 Introduction- Chapter 2: 

________________________________________________________________ 

     Dental literature is replete with studies assessing dental erosion. Studies have 

covered many aspects, some of them are included in Table 2. 

Table 2: Literature research topics covered in dental erosion 

Research aspects covered Reference 

Understanding early enamel and dentine 

changes following acid erosion 

(Lussi et al., 1993, Imfeld, 1996a, 

Amaechi and Higham, 2001a, Amaechi 

and Higham, 2001b, Barbour and Rees, 

2004, Amaechi and Higham, 2005, Cheng 

et al., 2009b, Mann et al., 2014) 

Understanding the process of erosion 

initiation and progression 

(Tramini et al., 2000, West et al., 2000, 

Owens and Kitchens, 2007, Sauro et al., 

2008, Thomas et al., 2008, Caneppele et 

al., 2012, Mylonas et al., 2018) 

Erosion prevention (Hannig, 2002, Cheaib and Lussi, 2011, 

Wang et al., 2011, Hara and Zero, 2014, 

Lussi and Hellwig, 2014, Moazzez et al., 

2014) 

The potential of different external agents 

on the remineralisation of early enamel 

erosion lesions 

(Ten Cate and Featherstone, 1991, Rees 

et al., 2007, Lussi et al., 2008, Ten Cate 

et al., 2008, Lussi, 2009, Poggio et al., 

2010, Turssi et al., 2011, Wegehaupt et 

al., 2012, de Alencar et al., 2014, Hornby 

et al., 2014, Soares et al., 2016, 

Cassimiro-Silva et al., 2016) 

The potential of different external agents 

on the remineralisation of early dentine 

erosion lesions 

(Sauro et al., 2011, Zhan et al., 2013, Niu 

et al., 2014, Poggio et al., 2014b, 

Toledano et al., 2014, Varanasi et al., 

2014) 

Imaging and detection techniques 

available for surface and subsurface 

lesion assessment 

(Silverstone et al., 1975, Dowker et al., 

2003, Cheng et al., 2009b, Field et al., 

2010, Torres et al., 2010, Rakhmatullina 

et al., 2011, Schlueter et al., 2011, Poggio 

et al., 2013, Wang et al., 2014, Koshoji et 

al., 2015, Cassimiro-Silva et al., 2016) 
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      To the author’s knowledge, no previous studies showed interest in studying 

progressive erosive lesions and their effect on the surface, subsurface, and 

mechanical qualities of the remaining dental tissues including strain levels in 

response to loading. This chapter covers research methodology development 

including, tooth collection and mounting, tooth surface loss assessment using 

different acid immersion protocols and measurement techniques, and comparison 

of accelerated versus prolonged immersion protocols in the absence or presence 

of salivary pellicle to select the most clinically and microscopically suitable 

protocol to apply in the next experiments. The following text also includes 

documentation of the extended effect of accelerated erosion on surface loss to 

produce lesions with variable depths relevant to different clinical stages of 

erosion. Moreover, it includes a study of the remineralisation potential of five 

commercially available toothpastes on soft drink eroded dental tissues. 

 

2.2 Human Teeth Collection: 

________________________________________________________________ 

      Human molars and premolars were obtained as surgical waste removed as 

part of routine surgery from patients attending the Department of Oral Surgery at 

the Eastman Dental Hospital, Grays Inn Road, London, after obtaining written 

consents from all patients under the national health services research ethics 

committee (NHS REC) ethical approval no. 11LO/0939. Our NHS REC approved 

research is in full accordance with the World Medical Association Declaration of 

Helsinki. Individual plastic containers (Sterilin, UK) were filled with 70% ethanol 
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(GC) (Sigma-Aldrich Company Ltd. Dorset, England). Patient consent forms were 

supplied to the clinic (Appendix- A). Collected samples were immediately placed 

into the ethanol-filled container for a minimum of 48 hr at room temperature in 

order to minimize the potential risk of pathogenic organisms, e.g.: bacteria, 

viruses (HIV, Hep B & C) (Laurance-Young, 2012, Li et al., 2016, Calvo-Guirado 

et al., 2018). Signed informed patient consent forms were received with all 

collected sample containers. After 48 hr, samples were removed from the ethanol, 

brush cleaned under soapy water and debrided of any residual soft tissues using 

#12 scalpel blade and running water. The selection of teeth was based on regular 

crown anatomy, intact cusps, and lack of wear. Teeth were examined under a 

polarized light microscope (Olympus BX-50; Olympus America Inc., Centre 

Valley, Pa) at the magnification of 20x, for evidence of caries and cracks. Any 

unsuitable samples were disposed of by incineration. The selected samples were 

randomly allocated to individual containers in order to anonymize them. Samples 

were finally stored in their containers now filled with 0.2% thymol (BDH, UK) at 

4ᵒC to maintain enamel hydration (Jantarat et al., 2001, Palamara et al., 2002, 

Soares et al., 2008b, Cianconi et al., 2011, Ferla Jde et al., 2013, de Alencar et 

al., 2014, Poggio et al., 2014a, Santos-Filho et al., 2014, Al Azri et al., 2016)  

Teeth were vertically or horizontally mounted in clear epoxy resin (Specifix-20; 

Struers Ltd) as experimentally required. Hard copy consent forms were securely 

stored in a locked room. 
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2.3 Vertical and Horizontal Tooth Mounting: 

________________________________________________________________ 

      Teeth were removed from the thymol solution, rinsed under soapy water and 

allowed to dry. For vertical mounting, each tooth was positioned in the centre of a 

(2.5 cm in height) nylon mounting mould using utility wax (Kemdent, Associated 

Dental Products Ltd., Purton Swindon, UK). Each root was positioned centrally 

with the long axis of the tooth aligned parallel to the mould walls (Figure 2.1/ a, 

b). The mould was then poured with epoxy resin used according to the 

manufacturer’s instructions to a level 2.0 mm apical to the cementoenamel 

junction (CEJ) (Seow et al., 2015). The resin was allowed to set overnight then 

the mounting ring was opened (Figure 2.1/ c). The base of the resin block was 

machined with water-cooled silicon carbide discs (220-grit) (LaboPol-5; Struers, 

Copenhagen, Denmark) to expose some of the root structure at the bottom of the 

base. 

      For horizontal mounting, each tooth was positioned horizontally in the centre 

of the mounting mould with the either the buccal or lingual surfaces facing 

upwards. Special care was taken to completely seal the tooth crown surface 

facing downwards with silicone putty impression (ExpressTM STD, Firmer set, 

Vinyl polysiloxane impression material putty, 3M ESPE, St. Paul, MN, USA) to 

protect it from contact with mounting resin and preserve the surface if intended 

for future testing. Cold cure epoxy resin was poured in the mounting ring to cover 

the tooth and allowed to set (Figure 2.2). After demounting, utility wax was 

removed from the bottom of the sample by a steam cleaner (Triton SLA steam 

cleaner; BEGO, Bremen, Germany) and the resin blocks were mounted into a 
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low-speed water cooled microtome (Leica SP1600 saw, Leica Instruments GmbH, 

Germany) and split into 2 halves (buccal and lingual). For polished surface 

samples, where a flat enamel surface was required, samples were ground to 

expose an area measuring about 4mm x 3 mm and finished sequentially with 

water-cooled silicon carbide discs (500- and 1200-grit). Otherwise, the sound 

enamel surface was left unprepared. Subsequently, the specimens were cleansed 

in distilled water in an ultrasonicator (Branson 5800; Branson Ultrasonics, 

Danbury, CT, USA) for 10 minutes (min) to remove any residues of the polishing 

procedure and stored in artificial saliva until testing (de Alencar et al., 2014). 

 

 

 

 

 

Figure 2.1: Vertical mounting steps. (A) Vertical alignment of tooth in the centre 

of the mould base, (B) assembly of mould body, and (C) after resin setting and 

opening of mould. 
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2.4 Artificial Saliva Preparation: 

________________________________________________________________ 

      Artificial saliva was prepared in 1000 ml of water solution according to the 

following composition (g/L): (2.3 Methyl-p-hydroxybenzoate; 0.625 KCl; 0.166 

CaCl2.2H2O; 1.040 K2HPO4.3H2O; 0.326 KH2PO4; 0.059 MgCl2.6H2O; 10.00 

sodium carboxymethylcellulose) (McKnight Hanes and Whitford, 1992) without 

sorbitol (Levine et al., 1987), and (Amaechi et al., 1999b, Ionta et al., 2014). All 

saliva components were powder form products from (Sigma-Aldrich Company 

Ltd. Dorset, England).  Gradual addition of 1M HCL was used to adjust the pH of 

the artificial saliva to (6.75) using a bench-top pH meter (PH 212 HANNA 

Instruments). 

  

Figure 2.2: Horizontal mounting steps. (A) Horizontal alignment of a tooth over 

a layer of silicone putty at the mould base- buccal surface facing downwards, 

followed by resin, (B) assembly after setting and opening of mould, and (C) 

horizontally mounted tooth after removal of silicone base. 
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2.5 Natural Saliva Collection: 

________________________________________________________________ 

      The natural saliva collection was carried out daily by one individual. Collection 

was done early in the morning before any oral hygiene measures or food intake. 

The saliva donor was non-smoking, had a healthy periodontium with no evidence 

of any active gingival inflammation, recession or pathological pockets, and had a 

past caries history with existing fillings but no active new carious or erosion 

lesions. Salivary flow was stimulated by chewing paraffin wax (Ivoclar Vivadent 

AG, Schaan, Liechtenstein). Saliva was collected by expectoration for 5 min 

(Gürsoy et al., 2010, Jayaraj and Ganesan, 2015, Almståhl et al., 2018) and 

collected in 7 ml bijou containers, each filled in one expectoration. Containers 

were quickly sealed and retained inside an ice filled beaker in order to prevent the 

loss of carbon dioxide which would affect the pH of the saliva. Saliva containers 

were transported in an ice box then clarified by centrifugation (Centrifuge 5810 R; 

Eppendorf, Germany) at (4,000 rpm/4ᵒC/15 min) (Lussi et al., 2012a). Following 

centrifugation, the supernatant was filtered sterile using 1 ml per 0.22 μm PES 

syringe filter (TPP AG, Trasadingen, Switzerland) to  remove viable 

microorganisms (Health and Services, 2004). The pH was then measured and 

recorded (average PH= 7.2). The final product was divided into 20 ml aliquots and 

stored immediately at -80ᵒC between experiments. Prior to experimental use, 

frozen clarified saliva was defrosted at room temperature 24 ±1 ⁰C (Hall et al., 

1999, Amaechi and Higham, 2001a, Austin et al., 2016). 
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2.6 Sample Size Determination- Erosion Experiments: 

________________________________________________________________ 

      The number of human tooth samples available for this study was highly 

dependent on the number and quality of the clinical material supply of extracted 

teeth, with the majority being unsuitable for use. For all experiments the sample 

size was determined after analysis of pilot study results to provide 80% power at 

the 5% level of significance and review of literature with relevant protocols. For 

erosion experiments,  a range of sample size was considered satisfactory and 

employed by different relevant studies, ranging from n=5 to n=18 (Amaechi et al., 

1999b, Ganss et al., 2000, Eisenburger et al., 2001a, Attin et al., 2003, Kato et 

al., 2010, White et al., 2010, Laurance-Young, 2012, Wang et al., 2014, 

Cassimiro-Silva et al., 2016). Ehlen et al. (2008) applied a similar protocol and 

showed a satisfactory sample size of n=8. Therefore, it appears that our sample 

size (n=8) agrees well with published work. 
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2.7 Experiment 1 

________________________________________________________________ 

Assessment of surface finish and saliva on 

enamel surface loss with variable 

demineralisation regimes. 

________________________________________________________________ 
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2.7.1  Material and Methods- Experiment 1: 

________________________________________________________________ 

2.7.1.1  Sample Preparation: 

________________________________________________________________ 

      48 enamel samples were prepared from the mid-coronal portion of the buccal 

and lingual surfaces of human third molars. 24 sound extracted 3rd molar teeth 

were collected, cleaned, stored and mounted horizontally in epoxy resin. All resin 

blocks were then marked and trimmed at 2 sides to create a right angle edge to 

allow sample reproducible positioning on the working table of the scanning 

machines where two glass slabs were fixed at right angle to act as a receptacle. 

      Samples were divided into 5 test groups of 8 samples each (n=40) and 1 

control (n=8). The control group received no treatment and samples were stored 

in artificial saliva at all times. While, test groups were divided according to different 

combinations of surface treatment criteria including, the surface finish (Sound=S, 

Polished=P), erosion protocol applied (Accelerated=A, Prolonged=P), and type of 

saliva used (No Saliva=NS, Artificial Saliva=AS, Natural Salivary pellicle=SP). 

The test group had the following combinations: [sound enamel surface with an 

accelerated erosion protocol with no saliva (SANS), polished enamel surface with 

an accelerated erosion protocol with no saliva (PANS), polished enamel surface 

with an accelerated erosion protocol with artificial saliva (PAAS), polished enamel 

surface with an accelerated erosion protocol with natural salivary pellicle (PASP), 

and polished enamel surface with a prolonged erosion protocol with natural 

salivary pellicle (PPSP)]. The sound group received no surface preparation. 
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While, the polished group samples were ground flat and polished. Accelerated 

erosion protocol means continuous immersion in soft drink solution with or without 

alternation with any other solution, not following any relevant drink consumption 

pattern. It includes soft drink solution replacement every 5 hr. While, prolonged 

erosion protocol mimics the daily consumption pattern of heavy soft drink 

consumers for a whole year (von Fraunhofer and Rogers, 2004, Ehlen et al., 

2008). All tested enamel protocols are summarised in Table 3. 

Table 3: Enamel erosion protocols: 

Group Name Surface Finish Erosion Protocol Storage Medium 

Control Sound - Artificial saliva 

SANS Sound Accelerated (continuous) 

25 hr 

- 

PANS Polished Accelerated (continuous) 

25 hr 

- 

PAAS Polished Accelerated 

(intermittent), 5 hr/day 

for 5 days 25 hr 

Artificial saliva 

PASP Polished Accelerated 

(intermittent), 5 hr/day 

for 5 days 25 hr 

Natural saliva 

PPSP Polished Prolonged, 5 cycles of 50 

seconds (sec)/day 250 

sec/day for 12 months 

25 hr 

Natural saliva/ 

artificial saliva 
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2.7.1.2  Demarcation of the Erosion Window: 

________________________________________________________________ 

      The test surface was demarcated into one test area with two control 

(reference) areas by fixing 2 strips of adhesive cellulose based tape (Scotch®, 

3M, UK) (Eisenburger et al., 2001a, Barbour et al., 2006, Lagerweij et al., 2006, 

White et al., 2010, Austin et al., 2016, O'Toole et al., 2016, Mullan et al., 2018, 

Mylonas et al., 2018) laid parallel to each other approximately 5 mm apart on tooth 

test surfaces (sound, polished) (Figure 2.3/ A), or covering half the sample 

(Figure 2.3/ B).  A commercial resin; nail varnish (Kiko®, Milano), was used to 

seal by painting in 2 layers around the target erosion site (Larsen, 1973, Larsen, 

2001, Kato and Buzalaf, 2012, Rakhmatullina et al., 2013, Souza et al., 2014), at 

the reference sides of convex enamel surfaces, and some studies applied both 

adhesive tape and varnish to ensure a seal rendering the surface acid resistant 

(Figure 2.3/ C, D). The erosion window measured about (5 mm x 5 mm). To 

create a sequential erosion step-like lesion on one sample, nail varnish was 

painted to protect each step from further erosion. Samples were left to dry for 1 

hr then stored in normal saline solution (0.9% NaCl in water, Sigma-Aldrich 

GmbH, Steinheim, Germany) until testing. Following the acid exposure, the tape 

was removed and any adhesive left was removed by an ethanol wet cotton pellet 

(70% solution, Sigma-Aldrich Company Ltd. Dorset, England). While, the removal 

of the varnish layer was achieved by gentle rubbing with cotton wool dipped in 

acetone (natural ≥97%, Sigma-Aldrich Company Ltd. Dorset, England) (Rios et 

al., 2006, Moretto et al., 2010, Danelon et al., 2018). 
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Figure 2.3: Buccal erosion window demarcated on different surfaces of a 

molar tooth with: (A) adhesive tape on two sides-eroded sample, (B) adhesive 

tape on one side-polished sample, (C) both adhesive tape and nail varnish- 

sound surface (pre-erosion), (D) both adhesive tape and nail varnish- acid 

eroded sound surface (post-erosion). Red dotted line demarcates the 

boundary of the adhesive tape reference area. 
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2.7.1.3 Carbonated Drink Immersion Protocols: 

________________________________________________________________ 

2.7.1.3.1  Sound enamel surface/ Accelerated erosion protocol/ No Saliva 
(SANS): 

      Samples were immersed in 100 ml carbonated drink (Coca Cola, CC; pH = 

2.7; Coca Cola, UK) for 25 hr (1 day) at room temperature under constant agitation 

on Biometra WT 16 rocking shaker (Biometra, Göttingen, Germany). Cola solution 

was changed every 5 hr and teeth washed for 30 sec with distilled water 

2.7.1.3.2  Polished enamel surface/ Accelerated erosion protocol/ No Saliva 
(PANS): 

      Enamel surfaces were ground flat to expose an area measuring around 5 x 5 

mm and finished sequentially with water-cooled silicon carbide discs (500- and 

1200-grit) (LaboPol-5; Stuers, Copenhagen, Denmark). Polishing followed using 

rotating polishing cloths wet by diamond sprays (9m, 3m, 1m). Subsequently, 

the specimens were cleansed in distilled water in an ultrasonicator for 10 min to 

remove any residues of the polishing procedure. Polished enamel samples 

received the exact same treatment as the sound samples (SANS). 

2.7.1.3.3  Polished enamel surface/ Accelerated erosion protocol/ Artificial 
Saliva (PAAS): 

      Samples were immersed in 100 ml Coca Cola at room temperature for 1 hr 

intervals under agitation alternating with artificial saliva. Samples were rinsed with 

distilled water for 30 sec after each immersion. 5 hr of cola immersion were 

achieved per day. Samples were stored in artificial saliva overnight. Experiment 

was repeated for 5 days to complete the 25 hr cola immersion period. 
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2.7.1.3.4  Polished enamel surface/ Accelerated erosion protocol/ Natural 
Salivary Pellicle (PASP): 

      Before starting the experiment, each group of four samples was placed into 

20 ml of natural saliva for 1 hr and gently stirred to initiate pellicle formation on 

the enamel surface (Faller et al., 2011). Samples were immersed in 100 ml Coca 

Cola at room temperature for 1 hr intervals under agitation alternating with natural 

saliva. After each immersion, samples were rinsed with distilled water for 30 sec. 

Five hr of cola immersion were achieved per day. After the last immersion, 

samples were stored in artificial saliva overnight. Experiment was repeated for 5 

days to complete the 25 hr cola immersion period. 

2.7.1.3.5  Polished enamel surface/ Prolonged erosion protocol/ Natural 
Salivary Pellicle (PPSP): 

      Before starting the experiment, each group of four samples was placed into 

20 ml of natural saliva for 1 hr and gently stirred.  Samples were immersed in 100 

ml Coca Cola for 5 sec Immersions were repeated for 10 times (total of 50 sec 

exposure) to create a single erosive cycle (Wongkhantee et al., 2006). Five 

erosive cycles were completed per day to mimic the oral pattern of acidic drink 

exposure of 250 sec/day (von Fraunhofer and Rogers, 2004) and follow the four 

or more daily exposures to acidic drinks by heavy consumers (Lussi and 

Schaffner, 2000, Lussi et al., 2004b). After each erosive cycle, samples were 

rinsed with distilled water for 30 sec and stored in natural saliva until the next 

erosive cycle (in 2 hr intervals).  After the last immersion, samples were rinsed 

and stored in artificial saliva overnight. All steps were done under agitation. To 

complete 25 hr of immersion, cycles were repeated daily for 12 months. However, 
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for convenience, weekends were excluded and the experiment was extended for 

16 months. 

2.7.1.3.6 Extended Accelerated Enamel Immersion Periods: 

      Extra samples of the (SANS) protocol were prepared and further immersed in 

cola for 21 days. 

 

2.7.1.4  Measurement of Enamel Surface Loss: 

________________________________________________________________ 

2.7.1.4.1  Laser profilometer: 

________________________________________________________________ 

      All enamel 25 hr erosion protocol groups (SANS, PANS, PAAS, PASP, and 

PPSP) and extensive erosion at (7, 10, and 14 days), were measured with a non-

contact laser profilometer (Proscan 1000 scanning laser profilometer, Scantron 

Industrial Products Ltd., Taunton, England, UK). The instrument used the KL135A 

displacement probe (z range, 400 µm). The semiconductor laser (𝜆 = 780 nm) 

had a beam diameter of 12–35 µm and resolution of 0.02 µm. Areas of 4 x 4 mm2 

were measured on each sample at a step size of 10 µm and a vertical resolution 

of 1 µm. The laser scanned a group of data points on the sample and connected 

them to create a 3D height map. To measure enamel thickness loss (µm), the 

data points of two z-range scans of each sample (untreated and treated) were 

superimposed over the same reference point and subtracted from each other. 

Scans of representative enamel samples are shown in (Figure 2.4). 
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Figure 2.4: Laser profilometry (Proscan 1000) surface scans of erosion 

samples showing surface profile at z axis and a cross section at the x axis 

showing the depth of the lesion. (A) Baseline, (B) accelerated 25 hr erosion, (C) 

prolonged 25 hr erosion over 12 months period, (D) accelerated 7 day erosion, 

(E) accelerated 10 day erosion, and (F) accelerated 14 day erosion. 
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2.7.1.4.2 OCT: 

________________________________________________________________ 

      After analysis of laser profilometry thickness loss results, further examination 

was carried out using an optical coherence tomography (OCT) scanner 

(VivoSight, Michelson Diagnostics, Kent, United Kingdom). OCT is equipped with 

a class I laser beam (λ=1305 nm). The laser scans an area up to 6 mm x 6 mm 

with a depth range of 1.2 to 2.0 mm depending on the scanned tissue nature. The 

images are composed of stacks of vertical scans to the total of 600 frames. 16-bit 

TIFF images can then be exported from the OCT software to be viewed. OCT 

scans were made for representative samples of the selected 25 hr erosion 

protocols (SANS), (PANS), (PPSP) (Figure 2.5). OCT scans were also applied 

for extensive erosion periods at the following points (7, 10, and 14 days) (Figure 

2.6). 

      Calculation of the erosion step height representative of the lost enamel 

thickness in flat samples followed the International Organization for 

Standardization (ISO) standard; ISO 5435- 1:2000, which utilises 3 relatively flat 

areas, two reference and one in the depth of the lesion(Mistry et al., 2015, 

Mylonas et al., 2018). While, in case of sound convex samples, the original 

surface outline was first drawn by copying the contour of the sound enamel 

surface before treatment (Figure 2.6/ A). A public domain image processing 

program, ImageJ (LOCI, University of Wisconsin). Was used to calculate the 

lesion depth in all OCT images where the lesion was divided into 4 sections. In 

each section, 4 perpendicular equally separated parallel lines were dropped from 
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the original surface outline to the depth of the lesion (total of 16 lines). The mean 

of all depth lines was calculated and assigned for the lesion. 

 

 

Figure 2.5: OCT scan showing enamel surface loss in accelerated 25 hr (1 day) erosion 

samples, (A) without saliva on sound enamel surface (SANS), (B) without saliva on flat 

polished enamel surface (PANS), and (C) with natural saliva over 12 months period on a 

flat polished enamel surface (PPSP). Red dashed line is the reference untreated surface 

contour. 
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Figure 2.6: OCT scan showing enamel surface loss in accelerated erosion samples 

on sound enamel surface without saliva (SANS) at different time points. (A) Sound 

enamel surface (B) 7 days, (C) 10 days, (D) 14 days, and (E) 21 days, (F) 14 days 

occlusal molar erosion showing dentine cusps with no enamel. Red dashed line is 

the reference untreated surface contour. 
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2.7.1.4.3 Light Microscope: 

________________________________________________________________ 

      For better viewing of surface thickness loss, sequential erosion lesion steps 

were prepared over one surface at 1, 7, 10, 14, following the accelerated erosion 

protocol (SANS) and viewed under a polarized light microscope (magnification 

10x) as shown in (Figure 2.7). 

 

 

 

 

 

 

Figure 2.7: A cross-section in a premolar embedded in epoxy resin with a 

sequential accelerated erosion lesion over the buccal enamel surface. 1= 1 day 

erosion, 7= 7 day erosion, 10= 10 day erosion, and 14= 14 day erosion. Red 

dashed line is the reference untreated surface contour. 
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2.7.1.5 SEM Analysis: 

________________________________________________________________ 

      Two representative (SANS) and (PPSP) 25 hr erosion samples were scanned 

under a scanning electron microscope (SEM; FEI, Eindhoven) (Figure 2.8). Two 

representative samples of the extended erosion periods were selected at the 

following time points (4, 7, 10, 14, 16, 18, and 21 days) (Figure 2.9). Specimens 

were mounted on aluminium stubs and gold coated. The SEM had an acceleration 

voltage of 20 kV and images were captured at multiple magnifications. 
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2.7.2  Results- Experiment 1: 

________________________________________________________________ 

      The aim of the experiment was to study the influence of the enamel surface 

finish (sound, polished) and the presence or absence of saliva together with its 

type (no saliva, artificial saliva, and natural saliva) on the tooth surface dissolution 

by acid (Coca Cola) after 25 hr of immersion (accelerated, prolonged) and 

develop the methodology to be applied for the next experiments to create lesions 

that simulate different stages of clinical erosion. Data of enamel thickness loss 

obtained by the laser profilometer were analysed with a one-way Analysis of 

Variance (ANOVA). Bonferroni post hoc test was applied. Groups were 

considered statistically different at α≥ 0.05. 

      All test groups were statistically significant to the control but no significance 

was detected between them. Thickness loss of (89 µm, 91 µm, 87 µm, 86 µm,  

and 85 µm) was recorded for (SANS, PANS, PAAS, PASP, and PPSP) 

respectively (Figure 2.10).  

      Three groups were selected for further comparison (SANS, PANS, and 

PPSP). These groups were selected as (SANS and PANS) are the most suitable 

for application in upcoming experiments, and (PPSP) represents the clinically 

relevant protocol. Statistical analysis (2 way ANOVA) of enamel surface loss 

results was measured by different techniques (OCT and laser profilometry). Both 

techniques were comparable for all groups with no statistical significance (Figure 

2.11). Additionally, calculations were made for (SANS) group from representative 
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light microscope images and their results were comparable to the other 

techniques (Figure 2.11). 

      Laser interferometry data of extensive accelerated erosion at points (7, 10, 

and 14) measured (610, 825, and 1310 µm), respectively. Statistical analysis was 

also applied to extensive erosion results at all selected time points (1, 7, 10, and 

14 days) measured by different techniques (OCT, laser profilometry, and light 

microscope). The results of all  techniques were comparable and no statistical  

significance was recorded (Figure 2.12). 
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Figure 2.8: SEM images of enamel surface softened by 25 hr cola erosion. (A), 

(B), and (C) accelerated erosion without saliva (SANS) at different 

magnifications. (A) 500X, generalized exposed enamel prisms in a honey comb 

pattern, (B) 1500X, a clear honey-comb pattern and surface deposits, (C) 

5000X, thin delicate crystals projecting from the surface of the prisms with 

different crystal orientation at the boundaries, (D) prolonged 25 hr cola erosion 

over 12 months showing (PPSP) – 1500X, enamel surface and prisms covered 

by a uniform continuous layer of amorphous mineral deposits. 
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Figure 2.9: SEM images of tooth surface softened by accelerated cola erosion for (A) 4 days 

- 1000X, (B) 7 days - 1000X. Both showing prominent continuous pseudo-hexagonal network 

representing enamel prism boundaries with intervening holes (intraprismatic pores) which 

may have formerly been crystal aggregates. (C) 10 days - 1000X, short enamel prism 

boundary projections at some areas and (D) 10 days - 1200X, higher enamel prism 

boundaries at others, (E)  14 days - 1500X, remnants of the enamel prism boundary 

projections at some areas, (F) 14 days - 2000X, disappearance of enamel prism boundaries 

and exposed dentine at other areas with some open dentinal tubules, (G, H, I), (G) 16 days - 

1000X, (H) 18 days - 1000X, and (I) 21 days-  2500X, all showing different levels of dentine 

matrix dissolution exposing interwoven distorted collagen matrix. (J) 27 days - 1000X, 

dissolved collagen matrix, and (K) 29 days - 1000X, unstructured dentine remnants. 
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Figure 2.10: Mean ±  standard deviation and value range of surface loss of 

all tested enamel groups after 25 hr cola erosion with different enamel 

surface finishes, immersion protocols, and saliva conditions (SANS, PANS, 

PAAS, PASP, and PPSP). 

Figure 2.11: Comparison of the mean surface loss (µm) between enamel 

groups (SANS, PANS, and PPSP) recorded by the laser profilometer 

(Proscan) and calculated from OCT images. Extra measurements of SANS 

group were obtained from light microscope images. 
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Figure 2.12: Mean ± standard deviation of enamel/ enamel and dentine 

surface loss with accelerated cola erosion of a sound tooth surface in the 

absence of saliva (SANS) at different time points calculated from OCT, 

proscan, and light microscope images. (1D= 1 day erosion, 7D= 7day erosion, 

10D=10 day erosion, 14D= 14 day erosion, and 21D= 21 day erosion). 
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2.7.3  Discussion- Experiment 1: 

________________________________________________________________ 

      In this experiment, samples were horizontally mounted and divided randomly 

into 5 test groups of 8 teeth to receive one of the selected erosion protocols. 

Regular soft drink (Coca Cola) was chosen over the diet version to carry out the 

erosive cycles for the current study. Some studies have reported that the potential 

of ‘diet or light’ soft drinks to increase caries risk is decreased markedly due to 

the lack of sugar. However, their erosive potential is similar to that of regular 

(sugared) drinks (Gurunathan et al., 2012, de Alencar et al., 2014). On the other 

hand, (Ehlen et al., 2008, Rios et al., 2009) have shown diet cola to be less erosive 

than the regular one. Ehlen et al. (2008), assessed the effect of sound teeth 

immersion in cola for 25 hr and the related enamel thickness loss. Their study 

was the guide to our accelerated immersion protocol with some modifications. 

This protocol was based on mimicking an annual exposure of enamel to soft 

drinks with an average daily consumption of 25 ounces of soft drink and mouth 

residence time of 20 sec before saliva clearance, making a total of 90,000 sec (25 

hr) per year (von Fraunhofer and Rogers, 2004, Ehlen et al., 2008). Their 

experiment was carried out for 350 hr (14 days) equivalent to 14 years of normal 

beverage consumption, considered a reasonable time period to evaluate enamel 

erosion effects in young adults (von Fraunhofer and Rogers, 2004, Kitchens and 

Owens, 2007).  

      In all soft drink erosion experiments, the beverage and storage solution were 

kept at room temperature (25°C) (Panich and Poolthong, 2009, Poggio et al., 

2017). Samples were eroded in cola drink under constant agitation. Unlike static 
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baths, agitation action simulates the in vivo drink agitation (Ireland et al., 1995, 

Maupome et al., 1998, Mistry et al., 2015) and increases the rate of replenishment 

of ions from enamel to the solution by providing a revolving environment, 

increasing the degree of erosion produced by acidic beverages (Torres et al., 

2010, Attin et al., 2012, Shellis et al., 2014, Mistry et al., 2015). This was shown 

to be true for enamel of both primary and permanent teeth (Maupome et al., 1998, 

Maupomé et al., 1999, Larsen and Richards, 2002, Torres et al., 2010). In 

addition, significantly higher enamel surface loss and microhardness change were 

reported with higher speed shakers (Mistry et al., 2015). 3rd molar buccal enamel 

test surface was selected for sample production to allow standardization of test 

surface type. 3rd molars are typically utilised in research owing to their common 

surgical removal for orthodontic or impaction reasons. Unerupted molars are 

preferred owing to the constant surface composition and absence of extraneous 

effects of occlusion on the surface (Hemingway, 2008, Laurance-Young, 2012). 

In addition, buccal surfaces have been found to be less susceptible to erosion 

than lingual tooth surfaces (Tucker et al., 1998, Ganss et al., 2000) as enamel 

properties could vary with variable origins, tooth surfaces and types. However, 

Carvalho and Lussi (2015) observed no significant differences between these 

surfaces and explained it by the simultaneous formation of enamel mineral on the 

buccal, lingual and proximal surfaces of the tooth during the amelogenesis. The 

differences between enamel surfaces could be attributed to the extent of loss of 

the fluoride-rich layer by wear (Weatherell et al., 1974). However, the differences 

in the susceptibility of tooth surfaces to erosion become insignificant after grinding 

and polishing procedures (Ganss et al., 2000, Carvalho and Lussi, 2015).  
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      Enamel samples with different surface finish (sound, polished), soft drink 

immersion protocols (accelerated, prolonged), and different saliva protection 

conditions (no saliva, artificial saliva, and natural salivary pellicle) were tested to 

compare enamel surface loss with the effect of included variables and choose the 

most suitable accelerated protocol (SANS, PANS, PAAS, PASP) that compares 

best with the results of the prolonged protocol (PPSP) that mimics most the clinical 

situation of heavy soft drink consumption pattern over a period of 12 months. The 

chosen protocol will be applied for extended periods to create tooth samples with 

different extensive clinically relevant erosion lesions. These lesions duplicate the 

amount of lost tooth structure under the effect of erosion but not abrasion which 

usually work in synergy in the oral cavity. Polished surface samples were 

preferred over sound ones for dimensional change calculations as they allow 

precise assessment of the erosively induced lesions by most of the applied 

methods (profilometry, CLSM, microindentation, OCT, etc.), create clear 

reference surfaces (Attin, 2006, Mistry et al., 2015), and produce standardized 

specimens by ensuring removal of natural variations in surface enamel between 

teeth; which may result in different responses to acid dissolution (Adebayo et al., 

2009, Shellis et al., 2011, Poggio et al., 2014b, Carvalho and Lussi, 2015). In 

addition, polished tooth specimens allowed detection of small surface changes 

following short acid exposure periods and were sensitive enough to discriminate 

between different acid exposure times (Mylonas et al., 2018). Thus, polished 

enamel specimens are appropriate for studies that aim to investigate erosive 

lesion repair as evaluation of enamel remineralisation agents (Lussi et al., 2004a, 

O'Toole et al., 2016, O’Toole et al., 2015). Sound enamel surfaces were also 

tested to allow, as close as possible, the reproduction of the conditions that occur 
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in the mouth (Torres et al., 2010) and to explore the effect of the outermost enamel 

surface layer on erosion surface loss results. The outermost enamel layer is often 

aprismatic and contains considerably higher fluoride concentrations (Hallsworth 

and Weatherell, 1969, Poggio et al., 2013) rendering it less permeable than the 

underlying enamel and more resistant to acid dissolution, as a result it may be 

considered protective (Amaechi et al., 1999a, Torres et al., 2010, Poggio et al., 

2013). The enamel barrier method to expose a central window region (about 1/3rd 

the sample surface), has been widely applied in previous research successfully 

using PVC taping (O’Toole et al., 2015, Austin et al., 2016, O'Toole et al., 2016, 

Mullan et al., 2018, Mylonas et al., 2018), or nail varnish painting (Rakhmatullina 

et al., 2013, Alencar et al., 2017, Alexandria et al., 2017, Santos et al., 2018) 

without influencing the acid erosion effect on test enamel. 

      Comparisons were made first to test the effect of enamel surface finish; sound 

(SANS) vs. polished (PANS), on thickness loss with the accelerated acid erosion 

protocol in the absence of saliva. Both groups showed comparable results (89 

µm, 91 µm), respectively. Earlier studies (Sullivan, 1954, Ganss et al., 2000, 

Ranjitkar et al., 2009, Poggio et al., 2014b, Carvalho and Lussi, 2015, Lin et al., 

2017) suggested that sound natural enamel surfaces were more resistant to 

erosive challenges than polished surfaces which could be explained by the 

process of enamel maturation where the outermost layer of enamel acquires 

higher fluoride (Brudevold et al., 1956, Nakagaki et al., 1987, Carvalho and Lussi, 

2015), and therefore becomes more resistant to demineralisation (Meurman and 

Frank, 1991a, Ganss et al., 2000, Carvalho and Lussi, 2015). However, 

calculations from Sullivan (1954) (Sullivan, 1954) suggest that this layer is only a 
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few micrometres thick. This could explain the insignificant surface loss results 

between sound and polished enamel surfaces in this experiment. This layer may 

be significant with early (short-duration) erosion and not observed with our 

protocol of 25 hr acid immersion.  

      The lost enamel surface thickness in the sound enamel accelerated cola 

erosion group with no saliva (SANS) after 25 hr immersion (89 µm) was 

comparable to the results of (Ehlen et al., 2008) (92 µm), who followed the same 

protocol for 25 hr. Also, all laser interferometer recorded enamel surface loss 

measurements were not statistically significant between all test groups. 

      In the literature, the definition of (short-duration) acid erosion has not been 

specified by one particular acid exposure time or number of cycles. However, 

typically short-duration exposure lasts for several sec or min but does not exceed 

5 min total exposure (Jaeggi and Lussi, 1999, Wiegand et al., 2007a, Voronets et 

al., 2008, Voronets and Lussi, 2010, Mylonas et al., 2018). (PANS) was selected 

for further comparison with polished enamel groups with different saliva types 

(PAAS) & (PASP). No statistical significance was found between groups (PANS, 

PAAS, and PASP) (91 µm, 87 µm, and 86 µm), respectively. This is in agreement 

with Batista et al. (2016), who found no significant difference in the surface 

microhardness between eroded enamel and dentine samples treated with 

different in vitro artificial saliva formulations and both in vitro and in situ natural 

saliva. Moreover, Hall et al. (1999), showed that the protective qualities of natural 

saliva was significantly impared when used outside the oral cavity compared to 

the in situ environment which could be related to pH changes and depletion of 
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inorganic components by salivary protein breakdown. Finally, comparisons were 

made to verify the selected experimental groups (SANS & PANS) against the 

clinically relevant protocol (PPSP), and resulted again in no statistical significance 

in enamel loss between any of the immersion protocols (89 µm, 91 µm, and 86 

µm), respectively. Comparison of all test groups is presented in (Figure 2.10). 

      It was clearly observed from the results above that enamel with different 

surface preparations, all salivary conditions, and immersion protocols produced 

lesions with comparable thickness loss. By that, either erosion protocol; of sound 

or polished enamel with any saliva condition (no saliva, artificial saliva, and natural 

saliva) at any erosion rate (accelerated, and prolonged), can be applied in the 

next erosion experiments. Some experiments used polished samples (PANS, 

PPSP) as it was necessary for some experimental tools to have a flat surface for 

reference. While, sound surface group (SANS) was selected for testing in other 

experiments mimicking extensive oral erosion conditions. In addition, all enamel 

loss measuring techniques gave comparable results confirming their validity for 

this application. 

      Accelerated erosion protocol was extended and the following points 1, 7, 10, 

and 14 days were selected for clinically relevant surface loss measurement 

(Table 4) and microscopic analysis. These points were selected for being 

comparable to some of the clinical grades of erosion described by “The exact 

tooth index” (Table 1) (Fares et al., 2009) (refer to Page 57). These points were 

implemented in the next experiments to test the effect of enamel loss and dentine 

exposure on tooth strain. 
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      SEM images of the accelerated erosion group with absence of saliva (SANS) 

showed the characteristic honey-comb pattern of exposed enamel prisms (Figure 

2.8/ A, B, & C). While, the prolonged erosion mimicking the oral consumption 

pattern (PPSP) showed a solid enamel surface with a uniform layer of deposits 

(Figure 2.8/ D). This layer could be explained by surface hardening or 

stabilization by prolonged immersion in artificial saliva in this protocol. Artificial 

saliva caused complete surface stabilization after 25 hr remineralisation 

(Eisenburger et al., 2001a, Eisenburger et al., 2001b). With progression of 

erosion, a pseudo-hexagonal network predominated, representing boundaries of 

enamel prisms around intra-prismatic pores. These pores became deeper at 4 

and 7 days then started to replenish at 10 to 14 days exposing areas of dentine 

indicated by a smooth structure with a few open dentinal tubules. With further 

erosion (16-21 days), the surface showed increasing levels of dentine matrix 

dissolution exposing interwoven distorted collagen matrix. While, after 29 days 

only unstructured dentine remnants were remaining. 

      From SEM images it was confirmed that etched human enamel surfaces 

exhibited a variety of morphological changes with different resulting etching 

patterns (Silverstone et al., 1975, Ganss et al., 2000). While, dentine surface 

etching began in the area of peritubular dentine and resulted in the exposure of 

organic components and the opening and funnelling of dentinal tubules (Isokawa 

et al., 1970, Ganss et al., 2000). Morphological surface changes were only 

analysed at this stage and no subsurface imaging was obtained. 
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Table 4: Selected Extensive Erosion Time Points and their Related Clinical 

Picture in Comparison with the “Exact Tooth Wear Index” 

Erosion time point Degree of enamel thickness loss 

Relevant clinical scale 

“The exact tooth 

wear index” * 

1 day initial erosion of enamel surface Enamel 1 

7 day  “loss of up 1/3rd of the enamel surface” Enamel 2 

10 day  “loss of up to 2/3rd of the enamel surface” Enamel 3 

14 day 
complete removal of enamel and exposure of 

dentine 
Dentine1 

* (Fares et al., 2009)- refer to (Table 1- Page 57) 
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2.8 Experiment 2 

________________________________________________________________ 

Subsurface enamel changes with erosion 

________________________________________________________________ 
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2.8.1  Material and Methods- Experiment 2: 

________________________________________________________________ 

      The experiment included 24 horizontally mounted pre-eroded enamel 

samples divided into 3 groups according to the erosion protocol used (n=8). 

Groups (PANS) and (PPSP) were extensive erosion samples from experiment 1, 

(PANS= polished/ 25 hr accelerated erosion/ no saliva), (PPSP= polished/ 25 hr 

prolonged erosion over 12 months/ salivary pellicle). While, the third group 

represented relatively early erosion (PESP= polished/ early/ salivary pellicle). 

(PESP) samples were stored in natural saliva for 1 hr prior to each erosive cycle. 

Erosion cycles took place twice daily in 100 ml cola drink for 4 intervals of 2 min 

at 0, 12, 24, 36, 48, and 60 hr under constant agitation resulting in a total of 8 min 

of demineralisation per cycle (Poggio et al., 2010, de Alencar et al., 2014, Wang 

et al., 2014), then rinsed with distilled water for 30 sec using a squeeze bottle and 

stored in artificial saliva until the next erosive cycle begins. 

      After all erosion cycles were completed, all samples were tested under a 

scanning laser profilometer to measure enamel surface loss then further prepared 

to be examined under the CLSM; BioRad Radiance 2100 Confocal Laser 

Scanning Microscope (Bio-Rad Laboratories Ltd, Hemel Hempstead, 

Hertfordshire, UK) fitted by LaserSharp2000 v6.0.0.846 (Carl Zeiss Ltd, 

Cambridge, Cambridgeshire, UK). The current experimental settings included 

(Olympus 60x; 1.4 numerical aperture (NA), oil immersion objective). A cross-

section of all samples was made through the lesions using a water-cooled 

diamond-edged Accutom 5 rotary saw (Struers, Denmark). The sectioned halves 

were flipped and re-embedded in epoxy resin as depicted in Figure 2.13. The cut 
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surfaces of both halves were polished with diamond pastes on polishing discs 

(LaboPol-5; Struers, Copenhagen, Denmark). Subsequently, the specimens were 

ultrasonicated for 10 min and air dried, followed by submersion in 20 ml of 0.25% 

ready-to-use Rhodamine B solution (Sigma-Aldrich Company Ltd. Dorset, 

England) for 60 sec (Banerjee et al., 2011). Confocal images are presented in 

Figure 2.14, Figure 2.15. 

 

 

 

Figure 2.13: A diagram of an erosion sample preparation by cross-sectioning 

and resin re-embedding for confocal microscope viewing -Courtesy of 

(Laurance-Young, 2012). 



129 

 

 

 

 

 

 

 

Figure 2.14: Confocal optical section scans of sound enamel specimens, 

under fluorescent channel and Rhodamine B dye. (A, B, & C) Surface 

enamel section showing different enamel prism orientation. Resin lies on 

top of images (D) Mid-thickness enamel section. 
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Figure 2.15: Confocal optical section scan of enamel under fluorescent channel 

and Rhodamine B dye, after different conditions of 25 hr erosion. In all, black 

punched out cavities are observed directly under the eroded enamel surface 

presumed to be subsurface enamel lesion. (A1 & A2) accelerated erosion 

(PANS), (B) prolonged erosion over 12 months (PPSP), and (C) early erosion 

(PESP). 
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2.8.2 Results and Discussion- Experiment 2: 

________________________________________________________________ 

      The tested protocols were selected for the following reasons: 1- all the 

selected groups had a polished surface finish. 2- (PANS) was comparable to 

(SANS) the protocol planned to apply for creation of in vitro extensive erosion-like 

lesions. While, 3- (PPSP) was considered to be representative of a clinically 

relevant erosion pattern, and 4- (PESP) was the relatively early erosion protocol. 

The enamel thickness loss and subsurface changes with erosion should be 

comparable between groups to allow qualitative and quantitative comparisons 

and verification of the most suitable experimental protocol to create in vitro 

erosion-like lesions. Data of the calculated subsurface softened enamel 

thicknesses for all group (PANS, PPSP, and PESP) were obtained and analysed 

using SPSS. One-way ANOVA was employed with post hoc multiple comparisons 

(Bonferroni) to compare results between groups. 

      Enamel surface softening process occurs during acid-mediated erosion. Acid 

penetration into the enamel subsurface occurs after prolonged acidic attack 

before any superficial enamel bulk is lost (Attin et al., 2003, Shellis et al., 2014, 

Mylonas et al., 2018). While short acid immersion periods may produce enamel 

surface changes with minimal subsurface alterations, longer acid immersion 

periods are required for subsurface changes to occur in enamel (Mullan et al., 

2018, Mylonas et al., 2018). For PESP group, the demineralisation cycle included 

sample immersion in soft drink for 8 min. To stress its demineralising potential of 

the soft drink, it was replenished every 2 min, to ensure it was carbonated and to 
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reduce the buffering effect from ions dissolved from the sample surface 

(Tantbirojn et al., 2008, Poggio et al., 2013). 

      Samples were immersed in Rhodamine B stain and this leads to emission of 

red fluorescent signal from the examined lesions under the confocal microscope. 

This was recorded by applying the appropriate fluorescence excitation and barrier 

filters (Watson and Boyde, 1991, Sidhu and Watson, 1998, Banerjee et al., 2011). 

Laser scanning confocal microscope images of all sound and eroded enamel 

sections were taken in perpendicular position to the cross-sectional surfaces as 

shown in Figure 2.13. The epoxy embedding resin appears at the top rim of the 

images. In confocal images, red colours stand for highly reflective structures, e.g. 

organic components and interprismatic structures, as seen clearly in sound 

enamel images (Figure 2.14). However, in some areas the laser beam penetrates 

but is not scattered so minimum light is reflected and appears as black or dark 

colours like prism cores. In all erosive protocols tested (PANS, PPSP, and PESP), 

subsurface enamel erosion lesions were observed as black cavitated (punched 

out) areas directly below the eroded enamel surface, with loss of reflection of 

enamel interprismatic arcade shaped regions (honeycomb pattern) when 

compared to the continuous pattern seen in sound enamel, while, the outer layer 

was still intact (Figure 2.15). These areas are potentially representative of mineral 

loss leading to loss of prism structures in softened enamel. The pattern of this 

lesion suggests formation of islands of subsurface softening lesions rather than a 

uniform softening of the acid exposed surface with a dense reflecting band seen 

underneath the softened surface. To calculate the subsurface lesion depth, 

imageJ software was used. Each image was divided into 4 equal longitudinal 



133 

 

segments.  The width of each segment was measured and 10 equally separated 

perpendicular lines were dropped from the surface of enamel to the deepest point 

of the black cavities representing the lesion. The average of all readings from all 

4 sections gave the average reading for each sample (µm). Lesion depth was 

compared between tested groups.  

      All groups recorded comparable lesion extension into the body of enamel 

(PANS= 62 µm ± 24, PPSP= 63.77 µm ± 18, and PESP=63.08 µm ± 28) (Figure 

2.16). However, the pattern of extension was different between the early protocol 

and both extensive immersion protocols (accelerated and prolonged). With 

relatively early erosion (PESP), less branching was observed by the subsurface 

pitting lesions similar to the observations of Laurance-Young (2012) in samples 

of enamel eroded with 0.05% phosphoric acid for 600 sec. The author suggested 

those black cavities to be isolated subsurface softening within the enamel lesion 

rather than the expected more uniform softening. On the other hand, in both 

accelerated and prolonged erosion groups in the absence or presence of salivary 

pellicle (PANS, PPSP), multi-branched lesions were seen with connections 

between the subsurface cavities creating a wider lesion with similar extension 

depth. This could be attributed to the effect of the extended and repeated acid 

immersion periods aiding in the creation of channels between the primary formed 

lesions. 
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      In the literature, the reported thickness of erosion affected enamel was 

calculated according to the affected enamel thickness removed with tooth 

brushing after exposure to different acid concentrations and length of immersion. 

The thickness varied between 0.2 and 5 μm (Attin et al., 2000, Eisenburger and 

Addy, 2003, Wiegand et al., 2007b, Voronets and Lussi, 2010), and between 2–4 

µm measured by ultrasonication after 2 hr acid exposure [Eisenburger et al., 

2000]. While, Eisenburger et al. (2004) who measured the lesion by the extension 

of resin replicas of subsurface erosion pores found lesions of 9–12 µm below the 

surface. This is several times greater than the technique based on the affected 

Figure 2.16: Mean ± standard deviation of enamel subsurface lesion extension 

with different erosion protocols (PANS, PPSP, and PESP) calculated from 

CLSM images, (n= 8). 
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layer removal by physical forces. The authors suggested that even this depth was 

an underestimate as the most demineralised part of the affected layer was deeper 

and not detectable. They explained that this discrepancy could be accounted for 

by two factors. Firstly, the low resistance offered by the outer most demineralized 

part of the softened enamel to the contact profilometer stylus used that may have 

led to poor registration by the instrument. Secondly, that demineralisation appears 

to be confined to the prism boundaries at deeper layers of affected enamel 

offering similar resistance to ultrasonication as sound enamel. By that, the 

sound/affected enamel interface appears closer to the surface than it actually is. 

On the other hand, a more recent study by (Paepegaey et al., 2013) with a similar 

experimental protocol, quantified enamel loss after different acid erosion models 

using three instruments including CLSM. Citric acid (pH 2.26) and a total acid 

exposure time of 180 min (7.5 min/cycle) were used. The depth of the softened 

layer was comparable to our results (63.22 µm). In addition, Amaechi et al. 

(1999a) observed that 1hr eroded bovine incisors in orange juice produced 

subsurface enamel demineralisation reaching a depth of 75 μm. 

      Various in vitro erosion models are available in the literature. They have the 

advantage of excluding complex clinical trials, have low operational cost, and 

provide rapid efficient results. However, these models have limitations, and 

cannot replicate intraoral conditions. Human intraoral biological conditions include 

the presence of saliva consisting of both organic and inorganic compounds, cited 

to be important to erosion studies (Buzalaf et al., 2012). There is difficulty in saliva 

collection and storage (Schipper et al., 2007) and compositional changes may 

occur affecting its protective qualities (Hall et al., 1999, Aykut-Yetkiner et al., 
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2014). Therefore, artificial saliva substitutes were developed. Various artificial 

saliva formulations  are available in the literature with little standardization or 

guidance about the most suitable type to be applied in different erosion protocols 

(Leung and Darvell, 1997). Selection of a type of artificial saliva is mainly 

dependant on its previous application by leading research groups (Levine et al., 

1987, McKnight Hanes and Whitford, 1992, Amaechi et al., 1999b),  or their 

remineralisation potential compared to control (not remineralised) (Ionta et al., 

2014). The artificial saliva formulation prepared for this study is one of the oldest 

and commonly used formulations (Levine et al., 1987, McKnight Hanes and 

Whitford, 1992, Amaechi et al., 1999b), with confirmed ability to remineralise 

erosive lesions (Ionta et al., 2014). In addition, Batista et al. (2016) tested the 

effect of artificial saliva formulations in the remineralisation of enamel and dentine 

samples measured by the change in surface microhardness and no significant 

difference was found between any of the test groups. Mucin was not considered 

as a component of our prepared saliva as its addition did not affect the 

remineralisation potential of artificial saliva (Klimek et al., 1982). Meyer-Lueckel 

et al. (2004) compared erosion in the presence of mucin-containing saliva with 

mucin-free saliva and also found that both induced a similar subsurface lesion 

remineralisation. However, (Hara et al., 2008) reported that mucin (a glycoprotein) 

increased the viscosity of the prepared saliva which may decrease mineral 

diffusion during remineralisation. 
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Analysis of Restored Occlusal and Buccal 

Erosion Lesion Strain with Strain Gauges and 3D-

FEA 

 

 

 

 

 

 

3 Chapter 3- Analysis of Restored Occlusal and Buccal Erosion Lesion Strain with Strain Gauges and 3D-FEA 
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3.1 Introduction- Chapter 3: 

________________________________________________________________ 

      Tooth wear has been attributed to two major mechanisms, mechanical wear 

(abrasion and attrition) and chemical wear (erosion). It has been confirmed 

through literature that the prevalence of severe tooth wear increased generally 

with age (Spijker et al., 2009) with the highest prevalence of cervical lesions 

reported in 77% of middle-aged group and up to 81% in elderly populations (Jiang 

et al., 2011, Zi Yun et al., 2015, Duangthip et al., 2017). Cervical erosive lesions 

are categorized among the non-carious cervical lesions (NCCLs) (Bevenius et al., 

1993, Duangthip et al., 2017). Other  NCCL categories include abrasion and 

abfraction (Grippo, 1991, Duangthip et al., 2017). Cervical lesions mainly affect 

buccal aspects lower teeth and palatal surfaces of maxillary teeth (Smith et al., 

2008, Zeola et al., 2015) and mostly occur in teeth with occlusal attrition or erosion 

(Khan et al., 1999, Bartlett and Shah, 2006, Benazzi et al., 2011, Wada et al., 

2015, Duangthip et al., 2017). While, occlusal erosion lesions are most common 

on mandibular posterior teeth and incisal edges of anterior teeth. The joint action 

of occlusal factors of acid erosion and abrasion has been suggested by earlier 

studies (Lee and Eakle, 1984, Khan et al., 1999, Rees and Hammadeh, 2004, 

Staninec et al., 2005, Guimarães et al., 2014) in the progressive cyclic process of 

cervical tissue dissolution. This theory suggests that erosive acids play a role in 

weakening the enamel and dentine structure in the bucco-cervical region, 

rendering the area more susceptible to fracture, aiding  lesion formation (Romeed 

et al., 2012).  
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      A major complication in everyday dental practice is failure of dental 

restorations. Reports have shown that about 60% of all operative dental workload 

is related to placement and replacement of restorations (Mjor et al., 1990, 

Angeletaki et al., 2016). Appropriate material selection and manipulation and 

proper technique may be considered the key factors that lead to restoration 

success or failure (Lange and Pfeiffer, 2009, Angeletaki et al., 2016). Stress 

behaviour of the tested material is highly dependent on the load configuration and 

the physical properties of the material (Morin et al., 1988b, Manhart et al., 1996, 

Abu‐Hassan et al., 2000). Various restorative materials have been involved in the 

fabrication of occlusal onlays and inlays including gold alloys, composite resins, 

and ceramics and some were tested in this study.  

      Both experimental and numerical techniques are common tools for strain 

assessment. Strain gauges have long been applied in dentistry to record surface 

strain with great success (Morin et al., 1988a, Versluis et al., 1996, Sim et al., 

2001, Soares et al., 2008a, Santos-Filho et al., 2014, Barcelos et al., 2017). While, 

FEA is an engineering tool for analysis of stresses in complex structures. It has 

been applied in dentistry to measure stress distribution pattern in different tooth 

layers and restorations (Srirekha and Bashetty, 2010, Guimarães et al., 2014, 

Soares et al., 2015, Zeola et al., 2015, Machado et al., 2017). In this study, strain 

was measured by strain gauges, while, the finite element analysis model 

calculated the biomechanical behaviour of the human tooth and restorations 

under static load. FEA uses von Mises stresses to compare the calculated 

equivalent strain to the yield stress of each material. The analysis was performed 

on 9 different erosive and restorative steps on a computer tomography based 
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dental model of a mandibular first molar. The results should be useful in guiding 

dentists in their restoration of severely eroded teeth (molars) and the best material 

choice. 

The null hypotheses were that: 

 Different degrees of erosion and erosion restored with different restorative 

materials do not influence strain in molar teeth, 

 Strain generated following occlusal and buccal erosion, does not produce 

a different pattern, 

 There would be no correlation in strain measured using the three different 

techniques. 
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3.2 Material and Methods- Chapter 3: 

________________________________________________________________ 

      50 human mandibular 3rd molar teeth were collected, cleansed and mounted 

vertically in epoxy resin (refer to Page 91, 92). Teeth were selected with similar 

dimensions, by measuring the buccolingual and mesiodistal width at the height of 

contour and the cervico-occlusal length in millimetres using a digital calliper 

(Moore & Wright MC MW110-15DBL 0-150 mm, Sheffield, UK), to verify they were 

within the following means ± SD: (B-L= 9.2 mm, M-D= 9.8 mm) ± 0.1 SD). 

Samples were divided into 2 main groups according to the site of the erosive 

lesion [occlusal (n=40) and buccal (n= 10)]. Occlusal group was divided into 4 

further groups according to the restorative material used (n= 10) [bonded gold 

onlay (BG), non-bonded gold onlay (NBG), bonded IPS e.max® Press onlay 

(IPS), and bonded direct occlusal composite onlay (OC)]. While, the buccal group 

was restored with direct buccal composite resin (BC). 

 

3.2.1  Sample size Determination- Strain Experiments: 

________________________________________________________________ 

      In the following occlusal loading experiments to study strain in teeth, samples 

were divided at random into groups of 10 teeth. To determine the sample size, 

two aspects were considered; review of relevant literature (Soares et al., 2008c, 

Schlichting et al., 2011, Valdivia et al., 2012, Bassir et al., 2013b, Seow et al., 

2015), and analysis of pilot study results to provide 80% power at the 5% level of 

significance. 
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3.2.2  Sample Preparation: 

________________________________________________________________ 

3.2.2.1  Occlusal Erosion Samples: 

________________________________________________________________ 

      The cervical one third of each tooth was sealed with 2 layers of nail varnish, 

creating a 3mm band above the CEJ (Figure 3.1). Silicone putty impression was 

used to produce a reference key of the original occlusal anatomy for all samples 

(Figure 3.2), except the direct occlusal composite onlay (OC) group where the 

occlusal anatomy was recorded using a “suck-down” 0.9mm polymeric sheet (Sof-

Tray, Ultradent Products, Inc) vacu-formed by a vacuum former (Ultra-Form; 

Ultradent) over the samples forming polymeric shell cavities as reference keys 

(Figure 3.3).  

 

 

 

Figure 3.1: Mounted molar sample with cervical nail varnish band. 
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3.2.2.2  Buccal Erosion Samples: 

________________________________________________________________ 

      A buccal window measuring 10mm x 8mm (width x height) extended 

occlusally from the CEJ. The lesion was drawn by a pencil with rounded corners 

to resemble a cervical Cl V lesion. All the crown remaining areas surrounding the 

lesion were sealed by applying 2 layers of nail varnish (Figure 3.4). For each 

Figure 3.2: Silicone putty reference key duplicating the crown of a sound sample. 

Figure 3.3: Plastic vacu-formed polymeric shell duplicating the crown of a sound 

sample. 
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sample, silicone putty impression of the buccal surface was made to produce a 

reference key. 

 

 

3.2.3  Erosive phase: 

________________________________________________________________ 

      Samples of both groups underwent an extended 14 day accelerated soft drink 

erosive protocol (SANS= Sound accelerated erosion with no saliva). Samples 

were strain tested at baseline, 1 day, 7day, 10 day, and 14 day erosion. The 

created erosion lesion depths were measured to be (0µm, 100 µm, 600µm, 

850µm, and 1300µm), respectively, as measured earlier (Figure 2.12). The 

created occlusal and buccal lesions formation steps are shown in Figure 3.5, 

Figure 3.6. Wet cotton pellets were placed on top of the samples to keep them 

moist in a humidor at room temperature until restoration. 

Figure 3.4: Sound molar with buccal erosion window created by nail varnish 
sealing. 
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Figure 3.5: Occlusal erosion lesion formation steps. (A) Sound sample- buccal 

view, (B) sound sample- occlusal view, (C) 1 day erosion, (D) 7 day erosion, 

(E) 10 day erosion, and (F) 14 day erosion. 

Figure 3.6: Buccal erosion lesion formation steps. (A) Sound sample, (B) 1 day 

erosion, (C) 7 day erosion, (D) 10 day erosion, and (E) 14 day erosion. 
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3.2.4  Restorative phase: 

________________________________________________________________ 

3.2.4.1  Occlusal Erosion Samples: 

________________________________________________________________ 

      After 14 days of erosion the created lesion on the occlusal surface resembled 

a full occlusal surface onlay preparation with a circumferential chamfer-like finish 

line (Figure 3.7). The prepared samples of all groups except the direct occlusal 

composite onlay (OC) were duplicated with a silicone duplicating material 

(Accusil, Garreco, Germany) (Figure 3.8). To create working dies, the silicone 

moulds were poured in gypsum die stone (Talladium, Inc, California, USA) 

(Figure 3.9). The stone dies were treated with die hardener (Die hardener; Yeti 

Dentalprodukte GmbH Engen, Germany) and 2 coats of die spacer (colour Spacer 

red; Yeti Dentalprodukte GmbH, Engen, Germany) in accordance with the 

manufacturer’s recommendations, starting 1.0 mm above the finish line to obtain 

a cementation space of about 30 µm. Onlay wax build-ups were completed using 

Inlay casting wax (GEO model wax avantgarde occlusal opaque mint, Henry 

Schein Europe) guided by the previously generated silicone keys (Figure 3.10). 

Wax patterns were finalized, re-marginated under high magnification (20x), and 

sprued ready for casting (Figure 3.11). 
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Figure 3.7: Occlusal 14 day erosion lesion (occlusal view) with a chamfer-like finish 

line. 

Figure 3.8: Prepared sample duplication. 
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Figure 3.9: Stone dies duplicating prepared samples. 

Figure 3.10: Occlusal onlay wax build-up. 

Figure 3.11: Sprued occlusal onlay wax patterns. 
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3.2.4.1.1 Gold Onlays [bonded (BG), non-bonded (NBG)]: 

________________________________________________________________ 

      The sprued onlay wax-patterns were attached to the crucible former of the 

investing ring (Figure 3.12). The investing ring was lined with asbestos ring liner 

to allow expansion of the investment during setting. The sprued wax patterns were 

sprayed with debubblizer (Debubblizer, Kerr, USA) and allowed to dry before 

being invested in a vacuum mixed carbon free phosphate bonded investment (Hi-

Temp, Whip Mix Corp., Louisville, KY) and left to set. The investment ring was 

heated up to 900˚C for wax burnout. The preheated casting ring was then placed 

into a broken-arm centrifugal casting unit (Kerr Centrifico, Kerr Manufacturing 

Corp., Romulus, MI) where ingots of type III white gold alloy suitable for metal-

ceramic restorations (PG-52X; Baker Dental Corp, Lake Zurich) for (NBG) onlays, 

and type II yellow alloy (Argenco bio light; Baker Dental Corp, Lake Zurich) for 

(BG) onlays. Gold ingots were heated to the casting temperature of (1450, 1055) 

⁰C for (NBG, BG) respectively, and injected into the created mould. After 2-3 min 

the casting ring was quenched in warm water. The casting was then divested, 

cleaned, and desprued. Gold onlays were then finished with stones and polished 

using Shofu Gold Polishing HP Kit, (Shofu, Japan) and brushed with tripoli and 

red rouge. The finished castings were checked for fit on their respective stone 

dies using a fit checker (Occlude, Aerosol Indicator Spray, Pascal Company, Inc., 

Washington, USA) and adjusted using diamond burs (HP medium round diamond 

& HP medium round taper diamond) (Brasseler, Savannah, GA, USA). The final 

gold onlays (Figure 3.13) were steam-cleaned to remove the fit checker 

remnants. 
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Figure 3.12: The sprued wax patterns of gold onlay (NBG, BG) attached to the 

crucible former at the base of the investment ring. 

Figure 3.13: Finished and polished gold onlays fitted on their respective samples. 

(A) Non-bonded white gold and (B) Bonded yellow gold. 
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3.2.4.1.2  IPS e.max® Press onlays (IPS): 

________________________________________________________________ 

      The finished onlay wax patterns were secured into IPS multi-investment ring 

base. The sprued wax patterns were invested in phosphate-bonded investment 

(GC MultiPressVest, GC EUROPE). The investment ring was heated up to 750˚C 

to burn-out the wax. The ceramic ingots (IPS e.max® Press Low Translucency-

LT, Shade B1, Ivoclar Vivadent, Schaan, Liechtenstein) were next placed inside 

the pre-heated investment ring with the preheated pressing plunger and 

transferred into the pressing oven (Ivoclar Programat EP 3000, Ivoclar Vivadent, 

Schaan, Liechtenstein) at 915˚C to complete the ceramic pressing process. The 

pressed ceramic restorations were then divested, cleaned, and desprued. 

Ceramic onlays were then finished with diamond finishing burs (Composhape, 

Intensiv, Viganello-Lugano, Switzerland) and polished with rubber wheels and 

discs using a  slow speed motor (Brasseler ceramic polish kit, Savannah, GA, 

USA). The finished onlays were checked for fit on their respective stone dies using 

a silicone pressure indicator paste (Fit Checker, GC, Japan) and adjusted using 

diamond burs. Onlays were then steam-cleaned and air-dried ready for 

cementation (Figure 3.14). 
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3.2.4.1.3  Direct Occlusal Composite Onlays (OC): 

________________________________________________________________ 

      All samples were further prepared to receive composite resin restorations 

according to the manufacturer’s instructions for 2 step dental bonding. Samples 

were polished with prophy brushes and rubber cups with pumice in preparation 

for bonding. Samples were rinsed and dried then acid-etched (total etch technique 

of the entire cavity surface including enamel and dentine) using 32% phosphoric 

acid gel (ScotchbondTM Universal Etchant, 3M ESPE, St. Paul, MN, USA) for 15 

sec. The cavities were then rinsed thoroughly for 20 sec and dried with water-free 

and oil-free air for 10 sec without over-drying. A bonding agent (ScotchbondTM 

Universal Adhesive, 3M ESPE, St. Paul, MN, USA) was applied and rubbed in 

gently for 20 sec, air dried for approximately 5 sec to evaporate the solvent, then 

light cured for 10 sec with a LED curing gun (wavelength range: 450-470 nm, 

intensity from 1100 mW/cm2 to peak of 1330 mW/cm2, Demi Plus, Kerr, USA). 

Composite resin (FiltekTM Z250, Shade B2, 3M ESPE, St. Paul, MN, USA). Build-

Figure 3.14: A finished and polished IPS empress onlay fitted on its respective 

sample. 



153 

 

up of the 1st 2mm layer of composite material over the entire occlusal surface was 

achieved and light-cured for 40 sec. Subsequent layers were built incrementally 

and shaped by adapting the previously fabricated plastic key over the tooth 

(Figure 3.15). Excess composite was allowed to flow through a venting hole 

prepared on the top of the plastic keys and light-cured duplicating the original 

occlusal anatomy. The plastic mould was then stripped off and composite resin 

onlay was finished and polished (Figure 3.16).  

 

 

 

 

 

Figure 3.15: Composite build up guiding apparatus. (A) Plastic shell reference key 

and eroded sample, (B) plastic shell reference key adapted over sample for guided 

occlusal composite build-up. 
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3.2.4.2   Buccal erosion samples: 

________________________________________________________________ 

3.2.4.2.1 Direct Buccal Composite (BC): 

      The resultant lesion resembled a large Cl V lesion exposing dentine. Samples 

were polished with prophy brushes and rubber cups with pumice, rinsed, and 

dried in preparation for bonding. Etching and bonding following the same 

previously mentioned technique for direct occlusal composite onlay. Incremental 

composite resin 2mm thick layers were added in until full buccal contour was 

achieved as indicated by the buccal putty index. The final restoration was finished 

and polished (Figure 3.17). 

Figure 3.16: Finished and polished occlusal composite build-up. (A) Buccal 
view, (B) occlusal view. 
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3.2.4.3   Onlay Cementation: 

________________________________________________________________ 

      PANAVIA 21™ OP (Kuraray Co, Kurashiki, Japan) was used to cement all 

onlays. Prior to cementation, preparation of both the tooth surface and the intaglio 

surface of the gold and ceramic onlays took place. However, different treatments 

were required for different onlay material used. 

 

3.2.4.3.1  Pre-cementation Treatment of Tooth Surface: 

      All eroded occlusal tooth surface was etched using PANAVIA ETCHING 

AGENT V (35% phosphoric acid) (PANAVIA 21™ OP, Kuraray Co, Kurashiki, 

Japan) for 30 sec followed by washing for 10 sec and drying. One drop of each 

ED PRIMER Liquid A and Liquid B was dispensed into the well of the mixing dish 

and mixed for three to five sec. The mixture was applied with a small sponge 

Figure 3.17: Finished and polished direct buccal composite restoration. 
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pledget onto the prepared tooth surface and left for 60 sec.  A gentle stream of air 

was then sprayed to evaporate the volatiles until the surface appeared glossy. 

 

3.2.4.3.2  Pre-cementation Treatment of Gold Onlays: 

      The intaglio surface of both (NBG) and (BG) gold onlays was sandblasted with 

50µm aluminum oxide particles at an air pressure of 4 kg/cm2 (~60 PSI) for 2-3 

sec per cm2 to achieve a matt finish surface. The onlays were washed in a stream 

of water for one minute then ultrasonically cleaned for 2-3 min in a neutral 

detergent solution, before being washed and dried. For (BG) gold onlays, heat 

treatment took place. The oxidation cycle of 400˚C for 4 min was applied followed 

by painting the intaglio surface with a metal primer (Alloy Primer, Kuraray, 

Kurashiki, Japan) to enhance the bond strength of the alloy to the resin cement. 

 

3.2.4.3.3  Pre-cementation Treatment of IPS e.max® Press Onlay: 

      The restorations were thoroughly rinsed for 30 sec with water spray and dried 

for 10 sec with water- and oil-free air. A self-etching ceramic primer (Monobond 

Etch & Prime, Ivoclar Vivadent, Schaan, Liechtenstein) was applied onto the 

adhesive surface of the restoration using a microbrush, agitated into the surface 

for 20 sec, and allowed to react for another 40 sec. The surface was then 

thoroughly rinsed off with water for 20 sec and dried for approximately 10 sec. 

This ceramic primer is a single-component containing ammonium polyfluoride and 
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silane to allow etch and silanate glass-ceramic surfaces in one step. Therefore, 

the need for using hydrofluoric acid etchant is eliminated. 

3.2.4.3.4  Preparation of PANAVIA 21™ OP Cement: 

      Equal amounts of PANAVIA 21 Catalyst and Universal Pastes were 

dispensed and mixed for 20-30 sec spreading the mix thinly over the mixing pad 

until a smooth uniform paste resulted. A thin layer of the mixed paste was applied 

to the adherent surface of the restoration only, being careful to avoid trapping air 

bubbles. The onlays were seated on their respective teeth and held with static 

vertical finger pressure of 60N (≈ 6kg) for 3 min measured by a counting bench 

scale (Cruiser CCT8, Adam’s Equipment, UK) placed under the die. Meanwhile, 

excess cement was removed with a small brush. OXYGUARD II was then applied 

to all restoration margins with a small brush and left for 3 min until the cement 

was completely set. Any excess was removed with a sharp probe. 

 

3.2.5  Strain Measurement: 

________________________________________________________________ 

      Strain measurements of the eroded teeth in each group were repeated at 0, 

1, 7, 10, and 14 days and post restoration application. Strain measurements in all 

occlusal erosive and restorative steps were tested by two methodologies: strain 

gauges and finite element analysis (FEA). While, electronic speckle pattern 

interferometry (ESPI) was applied to occlusal erosive stages only. Buccal erosion 

group was tested by strain gauges only. 
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3.2.5.1   Strain Gauge Attachment and Loading Protocol: 

________________________________________________________________ 

      One strain gauge (Micro-Measurements Group UK Ltd) attached to copper 

leads, with a resistance of 120Ω (type C2A-06-062LW-120), and a gauge factor 

of 2.15 was positioned at the buccal surface of each tooth 1 mm above the CEJ 

(Machado et al., 2017) (Figure 3.18). Care was taken to align the gauges 

vertically along the long axis of the tooth so that they were parallel to the direction 

of loading. The enamel surface of each sample was prepared by etching with 37% 

phosphoric acid (Heraeus, i Bond Etch 35 Gel, Germany) for 30 sec. The surface 

was washed with water for 20 sec and dried with a stream of air for 10 sec. The 

backing of each strain gauge was bonded to the prepared buccal wall of molars 

with a thin layer of cyanoacrylate adhesive (M-Bond 200 Adhesive; Micro-

Measurements Group UK Ltd). After the adhesive had set, the gauges were 

covered with a thin layer of a silicone rubber protective coat against moisture 

contamination (M-COAT C, Micro-Measurements Group UK Ltd). To guarantee 

moisture control and stability around strain gauges, a groove was prepared in the 

resin mounting-block to house the leads of the strain gauge. Another layer of 

epoxy resin was poured over the site to seal the leads (Figure 3.18). The strain 

gauges were connected to the strain indicator (Vishay Measurements Group, 

Raleigh, North Carolina) in a half bridge configuration. To complete the bridge and 

compensate for dimensional changes related to temperature fluctuations due to 

local environmental alterations or the gauge’s electrical resistance, a dummy 

gauge was mounted on an untreated unloaded tooth under the same 

environmental conditions. The strain indicator settings were initiated by entering 
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the gauge resistance and connecting both sample and dummy leads. The bridge 

circuit was balanced to zero baseline reading and allowed to set for 20 sec before 

loading began.  

 

      For strain measurement, static vertical loading was ramped within 

physiological limits for the human dentition from 5 N to 130 N and back to 5 N with 

25 sec dwells at 50 N, 70 N, 90 N, 110 N, and 130 N. The load was introduced 

into the central fossa of the molars using a 2.5 mm stainless steel ball bearing. A 

small pre-load of 5 N was used to hold the experimental setup in place before the 

test started and after the test ended. Three cycles were completed for each 

sample to verify results.  There was a 30 min delay between testing cycles 

(Pereira et al., 2013). Central loading was verified at the beginning of each cycle 

of testing. The resin block containing the specimen was screwed into a 

servohydraulic testing machine receptacle (Dartec series HC10, Dartec Ltd) with 

a 1.0 kN load cell. The loading program was initially set in the test machine. 

Gradual loading and unloading cycles were controlled by the testing machine 

software (Workshop 96. Dartec HC10; Zwick Ltd). Samples were subjected to 

Figure 3.18: Strain gauge attached to the buccal surface of a molar. 
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gradual loading and unloading cycles and strain values were recorded at peak 

load (130N). 

 

3.2.5.2   Setting-up the Electronic Speckle Pattern Interferometry (ESPI) 

Assembly: 

________________________________________________________________ 

      A phase-shifting electronic speckle pattern interferometer was constructed to 

measure the strain pattern in the occlusal erosion group (Figure 1.1, Figure 

3.19). A 75 mW He–Ne laser beam (wavelength λ = 632.8 nm) (Cl IIIb He-Ne 

laser, Melles Griot, California) was used as a source of illumination. A polarizing 

beam-splitter was used to split the beam into two beams. One beam served as a 

(reference beam) and was directed to the CCD camera (JAI CV-M2, Japan) with 

1200x1600 pixels and 10 bits resolution. The other beam was passed through a 

piezoelectric translator (PZT) (Piezoelectric actuator (Ae0203D04F), Thorlabs 

Inc, US), (MDT694B Single Channel, Open-Loop Piezo Controller, Thorlabs Inc., 

US) controlled mirror to enable small path differences to be introduced in a 

controlled fashion. The resultant beam was used to illuminate the surface of the 

specimen (object beam). The specimen was secured into a loading apparatus and 

sprayed with a white matte crack detection spray (Rivelex 200 Rilevatore Bianco, 

Italy) (Figure 3.20). The reflected light from the tooth surface was collected onto 

the CCD. 
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      Subtracting the live image of the “deformed” tooth surface under loading at 

130N from the image of the “undeformed” tooth surface, initially captured and 

Figure 3.19: Out-of-plane displacement ESPI set-up. (A) He-Ne laser, (B1, B2) 

mirror, (B3) PZT-controlled mirror, (C) density filter/ beam splitter, (D) beam 

expander, (E) linear polarizer, (F) CCD camera, (G) sample, (S) source beam, 

(O) object beam, (R) reference beam. 

Figure 3.20: Sample surface prepared by matte spray coverage. 
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stored in the electronic memory, resulted in a fringe pattern. This pattern mapped 

the contours of phase difference between wavefronts (Figure 1.3). Matlab v.7 

software (Mathworks, Natick, USA) was used to digitally unwrap the resultant 

phase maps and out-of-plane displacement was calculated.  

 

3.2.5.3   Setting-up FEA: 

________________________________________________________________ 

3.2.5.3.1  FEA Model Generation: 

      A Skyscan 1172 X-ray high-resolution microtomography (micro-CT) system 

(Bruker microCT, Kontich, Belgium) was used to perform the scanning at a very 

high resolution in increments of 23.8 µm. The scan produces 821 Slices along the 

height direction of the tooth also in the thickness of 23.8 µm. Each slice contains 

492 x 557 pixels.  In order to obtain a scan that covers the whole tooth, the lower 

half of the sample was scanned and later stitched to the upper one. However, the 

resulting data were too detailed for the purposes of this study, so the resulting file 

resolution had to be reduced by scaling it down by a factor of 4. Essentially, the 

mean of every 8 pixels was calculated and combined into 1 pixel. The resulting 

picture had a resolution of 0.1mm for every pixel as well as a slice thickness of 

0.1mm (Figure 3.21). 
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3.2.5.3.2  CT to 3D reconstruction: 

      The CT scanned slices were imported into an interactive image control system 

(Slicer) to perform the segmentation of different hard tissues of the tooth based 

on image density thresholding. A 3D object was automatically created, refined, 

and exported into a stereolithography (STL) file format (Figure 3.22). This format 

captures only triangulated surface shell details and is widely used in 3D models 

(Figure 3.23). 

 

Figure 3.21: Scanning of a sound molar tooth by micro-CT. (A) Sound molar 

model, and (B) generated micro-CT scans. 

Figure 3.22: FEA model coarse geometry. (A) Enamel, (B) dentine, and (c) full 

(enamel+ dentine). 
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3.2.5.3.3 FEA Testing Set-Up: 

      After listing the appropriate material properties (Table 5), STL files were 

imported into a FEA software package, ANSYS™ which converted the shells 

into solid parts. The scanned sample did not contain the resin base so it was 

added in the FEA model. The FE model resulted in 183968 elements and 324714 

nodes. 

      The under surface of the resin base and tooth roots were fixed for zero-

displacement. The contact surfaces between the dentine and the resin base and 

between different domains of the tooth were considered to be bonded. The pulp 

was modelled as an empty cavity as its contents (blood vessels, nerves, 

connective tissues and cellular elements) are of very low modulus of elasticity 

(Abu‐Hassan et al., 2000).  Care was taken to ensure the orientation of the molar 

was upright as tilt of the model would result in a load at an angle. The orientation 

was corrected until symmetric strain was observed in the enamel. 

      A static finite element analysis was adopted in this study to predict the stress 

distribution generated in the tooth at each erosive and restorative condition. The 

Figure 3.23: Final full FEA model after smoothing (A) apical view, (B) lingual view. 
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sample being analysed was not subject to changes with time such as fatigue. The 

model was prepared by uniformly slicing the enamel to the thicknesses eroded in 

the experiment. Multiple surfaces were manually constructed by offsetting the 

outer surface of the enamel for each erosion thickness. Offsetting involves 

copying every small triangle on the surface and moving them in a perpendicular 

direction where they are stitched back together completely to form the new 

surfaces. Then these surfaces are used to slice the enamel resulting in layers of 

consistent thickness, representing the erosion. The FEA strain values were also 

measured on all nodes corresponding to the 2mm x 2 mm surface where the strain 

gauge was fixed on the laboratory strain gauge test (at the buccal surface 1mm 

above the CEJ to allow comparisons. A small area was selected manually on the 

central fossa of the occlusal surface to represent the 2.5 mm ball contact area. 

The model was then run with a vertical load up to 130N at baseline and recorded 

for each erosive case (Figure 3.24). The 14 day occlusal erosion cavity model 

was restored to original form with different material properties according to the 

restoration group represented (Table 5). Equivalent stress criterion (von Mises) 

was used to perform stress distribution analysis. 

 



166 

 

 

 

 

 

 

 

 

Figure 3.24: Model mid-section showing different eroded thicknesses in enamel. 

Brown= 1 day erosion (100µm), Brown+ Green= 7 day erosion (600µm), Brown+ 

Green+ Blue= 10 day erosion (850µm), Brown+ Green +Blue +purple= 14 day 

erosion (1300µm), Yellow= dentine, Grey= uneroded enamel, and patterned 

yellow= pulp chamber. 
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Table 5: Material Properties Used for FEA Model (elastic modulus, Poisson’s 

ratio, and related references) 

Material 

(E) 

Modulus 

(GPa) 

(V) 

Poisson's 

Ratio 

Reference 

Enamel 84.1 0.33 (Craig et al., 1961, Farah et al., 1977) 

Dentine 18.6 0.31 (Farah et al., 1977, McGuinness et al., 1991) 

Resin base 3.4 0.33 (Qasim et al., 2005) 

Composite resin 

restoration 

10.0a 0.24b a: (Eldiwany et al., 1993, Magne, 2007) 

b: (Magne, 2007, Nakayama et al., 1974) 

Type II gold alloy 

(bonded) 
83 0.33 (Farah et al., 1989, Romeed et al., 2006) 

Type III gold alloy 

(Non-bonded) 
96.6 0.35 (Asmussen et al., 2005) 

IPS impress 67.2 0.3 (Abe et al., 2001, Yamanel et al., 2009) 

Panavia21 Cement 3 0.35 (Yi and Kelly, 2008) 
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3.2.6  Results- Chapter 3: 

________________________________________________________________ 

3.2.6.1   Strain Gauge Results: 

________________________________________________________________ 

      Mean values and standard deviation of the overall deformation in occlusal and 

buccal groups were tested for all erosive and restorative phases at the load of 

130N (n=10). For all occlusal groups, erosive and restorative data were analysed 

by SPSS two-way repeated measure ANOVA. Where significant differences were 

detected, a post-hoc test (Bonferroni) was used. All tests were performed at a 

95% confidence level. While for the buccal group, one-way ANOVA and paired t-

test were used for comparisons between before and after restorative procedure. 

Occlusal and buccal strain values at erosive and restorative phases are listed in 

(Table 6). 

      Occlusal erosive steps showed no significant strain change with loading when 

compared to the baseline except at 14 days erosion, where strain significantly 

dropped (Table 6), (Figure 3.25). However, between erosive stages, significant 

changes were observed only between 1 day and 7 days, and between 14 and 

both 1 and 10 days of erosion. As a behaviour pattern, strain showed a slight 

increase from baseline at 1 day erosion, followed by a decrease at 7 days, no 

change at 10 days, and a drop at 14 days (Figure 3.25). After restoring occlusal 

samples, all restorative groups were not statistically significantly different from the 

baseline or from each other with regards to strain. All restorative materials used 
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for occlusal onlays (NBG, BG, IPS e.max, and composite resin) were able to 

restore strain to the pre-treatment condition (Figure 3.26). 

      In contrast, a completely different behaviour pattern was observed with buccal 

erosion samples. All erosive steps recorded significant strain increase from the 

baseline reading ( Table 6), (Figure 3.25). No significant changes were observed 

between erosive stages 1 and 7 days or between 10 and 14 days. However, a 

substantial increase of strain was recorded at 10 days with continued increase at 

14 days, rendering strain values at both 10 and 14 days significantly higher than 

strain at 1 and 7 days (Figure 3.27). While, restoring buccal samples resulted in 

a significantly lower strain than 14 day erosion, producing strain level similar to 

baseline. 

 Table 6: Strain Values of Occlusal and Buccal Erosion Groups at All Erosive 

and Restorative Phases 

 Treatment/ Restoration Occlusal groups strain 

(µstrain) 
Buccal group strain 

(µstrain) 

Baseline 207±55 195±56 

1D 251±80 221±49 

7D 193±70 235±64 

10D 217±82 524±129 

14D 146±81 533±133 

NBG 158±90 - 

BG 172±61 - 

IPS 172±80 - 

OC 168±81 - 

BC - 250±80 
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Figure 3.25: Mean strain values ± standard deviation with strain gauge testing 

for all erosive stages in occlusal and buccal groups. n=10 per group (*p< 0.05 

statistical difference with respect to relative baseline), (**p<0.005 statistical 

difference between erosive groups), (†p<0.05 statistical difference between 

groups). (Baseline= sound tooth, 1D=1 day erosion, 7D= 7 day erosion, 10D= 10 

day erosion, 14D= 14 day erosion). 
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Figure 3.26: Mean strain values ± standard deviation with strain gauge testing of 

all erosive and restorative stages in occlusal groups. n=10 per group group (*p< 

0.05 statistical difference with respect to baseline), (**p<0.005 statistical 

difference between erosive groups), (†p<0.05 statistical difference between 

erosive groups).  (^p< 0.005 statistical difference between restorative groups). 

(Baseline= sound tooth, 1D=1 day erosion, 7D= 7 day erosion, 10D= 10 day 

erosion, 14D= 14 day erosion, NBG= Non-bonded gold onlay, BG= Bonded gold 

onlay, IPS= IPS e.max onlay, OC= occlusal direct composite onlay). 
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Figure 3.27: Mean strain values ± standard deviation with strain gauge testing 

of progressive erosive and the final restoration in buccal group. n=10 per group 

(*p< 0.005 statistical difference from baseline), (**p<0.005 statistical difference 

between erosive groups). (Baseline= sound tooth, 1D=1 day erosion, 7D= 7 day 

erosion, 10D= 10 day erosion, 14D= 14 day erosion, BC= buccal direct 

composite restoration). 
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3.2.6.2   ESPI Results:  

________________________________________________________________ 

      The deformation induced by loading was imaged on the buccal surface of 

each sample. The resulting phase maps are shown in (Figure (A) Figure 3.28, 

Figure 3.29, Figure 3.30, Figure 3.31, Figure 3.32). While the unwrapped phase 

maps are shown in (Figure (B) Figure 3.28, Figure 3.29, Figure 3.30, Figure 

3.31, Figure 3.32), where zones of high strain intensity are represented by red 

colour, while zones of lower strain are blue. The mean displacement results of all 

erosion stages are plotted in (Figure 3.33). 

      The occlusal erosion stages tested by ESPI showed similar behaviour to SG 

results (Figure 3.26, Figure 3.33). With gradual loading, strain increased 

gradually at 1, 7, and 10 days then dropped at 14 days of erosion. All erosive 

phases were significantly higher strain than the baseline except the 14 day 

erosion. While, between groups, all were not significatly different from each other 

except the 14 days which was significantly lower strain than at all other times. 
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Figure 3.28: Baseline sound molar sample captured by ESPI under loading. (A) 

Resultant phase map showing wide spaced fringes, (B) heat map of the baseline 

unwrapped phase map indicating surface strain distribution. 

Figure 3.29: 1 Day erosion molar sample captured by ESPI under loading. (A) 

Resultant phase map showing closer fringes indicating higher strain than the 

previous stage, (B) heat map of the 1 day erosion unwrapped phase map 

indicating surface strain distribution. 
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Figure 3.30: 7 Day erosion molar sample captured by ESPI under loading. (A) 

Resultant phase map showing wider spaced fringes than the previous stage 

indicating lower strain, (B) heat map of the unwrapped 7 day erosion phase map 

indicating surface strain distribution. 

Figure 3.31: 10 Day erosion molar sample captured by ESPI under loading. (A) 

Resultant phase map showing wider spaced fringes than the previous stage 

indicating lower strain, (B) heat map of the unwrapped 10 day erosion phase 

map indicating surface strain distribution. 
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Figure 3.32: 14 Day erosion molar sample captured by ESPI under loading. (A) 

Resultant phase map showing wider spaced fringes than the previous stage 

indicating lower strain, (B) heat map of the unwrapped 14 day erosion phase map 

indicating surface strain distribution. 
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Figure 3.33: Mean displacement values ± standard deviation with ESPI testing 

for all occlusal erosive stages. n=10 per group (*p< 0.001 statistical difference 

to the baseline), (**p<0.005 statistical difference between groups). (Baseline= 

sound tooth, 1D=1 day erosion, 7D= 7 day erosion, 10D= 10 day erosion, 14D= 

14 day erosion). 
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3.2.6.3   FEA Results: 

________________________________________________________________ 

      Two sets of data were obtained from the FEA. Von Mises stresses (MPa) 

show the distribution of strain in enamel and dentine at every erosive-restorative 

stage (Figure 3.34). Strain was also recorded on a virtual strain gauge (µstrain) 

simulating the position of the experimental gauges at the buccal surface of the 

crown above the CEJ to verify the experimental results at all erosive-restorative 

stages (Figure 3.35). These results confirmed the efficacy of the applied 

numerical model. Readings of the virtual strain gauge showed a similar 

behavioural pattern to the experimental gauges (Figure 3.26, Figure 3.35). 

      Internal and external strain distribution pattern can be better observed and 

understood in FEA loaded case models of all stages presented in ( Figure 3.36, 

Figure 3.37, Figure 3.38, Figure 3.39, Figure 3.40, Figure 3.41, Figure 3.42, 

Figure 3.43, Figure 3.44). 
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Figure 3.34: Internal von Mises stresses distribution recorded by FEA at 

different tooth layers and onlay restorations at all occlusal erosive and 

restorative stages. (Baseline= sound tooth, 1D= 1 day erosion, 7D= 7 day 

erosion, 10D= 10 day erosion, 14D= 14 day erosion, NBG= Non-bonded gold 

onlay, BG= Bonded gold onlay, IPS= IPS e.max onlay, OC= occlusal direct 

composite onlay). 
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Figure 3.35: Mean equivalent strain values in FEA model for all occlusal 

erosive/restorative stages recorded at the cervical buccal wall (area simulating 

experimental strain gauge position). (Baseline= sound tooth, 1D= 1 day 

erosion, 7D= 7 day erosion, 10D= 10 day erosion, 14D= 14 day erosion, NBG= 

Non-bonded gold onlay, BG= Bonded gold onlay, IPS= IPS e.max onlay, OC= 

occlusal direct composite onlay). 



181 

 

 

 

 

 

 

Figure 3.36: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of a sound molar model. (A) Occluso-buccal view) with central fossa 

strain concentration and low level at the outer enamel area, (B) midsection view 

showing medium strain level distributed in enamel and underlying dentine. 

 

Figure 3.37: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of 1 day eroded molar model. (A) Occluso-buccal view with a wider 

central fossa strain concentration area than the sound model with low strain 

level in the outer enamel layers, (B) midsection view showing lower strain levels 

than the sound model with similar distribution between enamel and underlying 

dentine. 
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Figure 3.38: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of 7 day eroded molar model. (A) Occluso-buccal view with a wider 

central fossa strain concentration area than the preceding model with low strain 

level in the outer enamel layers, (B) midsection view with a high rise in strain 

level in both enamel and underlying dentine (in dentine more than enamel). 

Figure 3.39: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of 10 day eroded molar model. (A) Occluso-buccal view with a wider 

central fossa strain concentration area than the preceding model with low strain 

level in the outer enamel layers, (B) midsection view with further high rise in 

strain level in both enamel and underlying dentine (in dentine more than 

enamel).  
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Figure 3.40: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of 14 day eroded molar model. (A) Occluso-buccal view showing 

the widest area of concentrated strain of all erosive stages with low strain level 

in the outer enamel layers, (B) midsection view showing the highest strain 

levels in dentine among the erosive stages reaching the roof of the pulp 

chamber. 

Figure 3.41: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of non-bonded gold onlay (NBG) restored molar model. (A) 

Occluso-buccal view, with a confined central area of high strain and low levels 

in the outer enamel layer, (B) midsection view showing strain concentration in 

(NBG) onlay and underlying resin cement more than underlying dentine. 
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Figure 3.42: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of bonded gold onlay (BG) restored molar model. (A) Occluso-

buccal view, with a confined central area of high strain and low levels in the 

outer enamel layer, (B) midsection view showing strain concentration in (BG) 

onlay and underlying resin cement more than underlying dentine. 

Figure 3.43: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of IPS empress onlay (IPS) restored molar model. (A) Occluso-

buccal view, with a confined central area of high strain and low levels in the 

outer enamel layer, (B) midsection view showing strain concentration in (IPS) 

onlay and underlying resin cement with lower levels in dentine. 
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Figure 3.44: Strain distribution areas, maximum, and minimum values in FEA 

loaded case of direct composite resin onlay (OC) restored molar model. (A) 

Occluso-buccal view, with a wide high strain area concentrated in the central 

fossa under the loading point and low levels in the outer enamel layer, (B) 

midsection view showing the highest strain level concentration under the 

loading point in composite and underlying dentine. 
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3.2.7 Discussion- Chapter 3: 

________________________________________________________________ 

      The human tooth and its supporting tissues is a complex assembly of different 

materials with variable mechanical properties. Properties of these elements are 

reasonably well-known. When a structure is loaded, stress distribution within its 

components rely on both the shapes of these components and their stiffness. 

Great difficulties could arise with different stiffness related to the tooth structural 

model containing enamel, dentine, cementum, and pulp. The modulus of 

resilience (fracture toughness) of dentine is higher than enamel rendering it better 

in absorption of impact forces than enamel which is brittle under tension. Although 

enamel is supported by dentine, which can undergo significant elastic 

deformation, teeth rarely fracture under normal occlusal forces (Phillips, 1991, 

Musani and Prabhakar, 2010). Under normal intact tooth conditions, external 

loads are transferred from enamel into dentine as compression, with only one 

seventh its magnitude is in the tensile form (Zhou et al., 1989, Musani and 

Prabhakar, 2010). The large internal tooth structure volume distributes the 

external loads into lower local stresses. Dentine deformation may occur during 

this process resulting in tooth flexure. In addition, the DEJ is well-known to be 

mechanically stable and play an important role in accommodation of mechanical 

stresses (Kinney et al., 2003, Zaytsev and Panfilov, 2014). On the other hand, a 

restored tooth tends to distribute stresses differently. Loading the restoration 

results in complex stresses at the restoration-tooth interface with a significant 

increase in the tensile stresses. However, when the stresses reach dentine, they 

will be resolved in a manner similar to the normal tooth condition. Minimal stresses 
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are borne by the supporting bone, while negligible stresses are borne by the pulp 

chamber and the root canals. 

      Variable extrinsic or intrinsic factors are important causes of tooth erosion and 

affect lesion distribution in the oral cavity. Extrinsic factors include dietary habits; 

related to high consumption of acidic foods, drinks, or medications, or 

occupational exposure to acidic environments. While, intrinsic factors include 

endogenous reflux and recurrent vomiting. In addition, distribution of erosion 

lesions is to some degree saliva dependent. The association between the 

protection capacities of saliva against enamel erosion by forming pellicle has been 

long proven (Zahradnik et al., 1977, Zahradnik et al., 1978, Øgaard et al., 1994, 

Hara et al., 2006, Lussi et al., 2008, Poggio et al., 2010, Poggio et al., 2013). 

Properties of the formed pellicle; including thickness and velocity have been 

shown to affect the salivary protection potential. It appears that dental erosion is 

inversely correlated with the pellicle thickness which varies between oral sites 

affecting the distribution of erosion lesions (Amaechi et al., 1999c, Young and 

Khan, 2002). Mandibular occlusal and buccal oral sites were selected for testing 

as they are commonly affected by acid erosion. These areas are bathed mostly 

with thick mucus saliva that lacks the required buffering capacity for acid 

clearance (Dawes, 1987, Khan et al., 1999, Young and Khan, 2002). Furthermore, 

the tongue protects lingual surfaces of mandibular teeth but not the occlusal and 

buccal surfaces in both cases of external acid erosion (soft drink in our situation) 

and gastro-oesophageal reflux disease (GERD). This supports the effect of the 

site of contact of the erosive agent, and the protective effect of tooth contact by 
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anatomical structures in the site-specificity of dental erosion (Amaechi and 

Higham, 2001b, Amaechi and Higham, 2005). 

      Numerous studies have attempted to explain the effect of occlusal stresses, 

morphology, and characteristics on the development and progression of cervical 

lesions (Khan et al., 1999, Palamara et al., 2000, Rees, 2002, Palamara et al., 

2006, Romeed et al., 2012, Guimarães et al., 2014, Duangthip et al., 2017). It is 

generally accepted that the formation and progression of cervical lesions are 

multifactorial, including stress as in the case of abfraction, or biocorrosion 

involving biochemical and electrochemical degradation, and friction or wear 

(Grippo et al., 2012, Zeola et al., 2015). A strong association was suggested 

between the occlusal and cervical lesion sites. Acid demineralisation initiates 

cervical lesions and produces occlusal cupping. Furthermore, when occlusal 

forces are exerted on a tooth during function and parafunction, stresses will be 

distributed throughout its structure. These stresses were hypothesized to be the 

primary aetiology of non-carious cervical lesions (McCoy, 1982, Lee and Eakle, 

1984, Grippo, 1991, Palamara et al., 2000, Litonjua et al., 2004, Romeed et al., 

2012, Guimarães et al., 2014). However, far too little attention has been paid to 

the effect of loading on strain level at different stages of occlusal and buccal 

erosion and surface loss. Knowledge in this area will subsequently affect the 

management decision and the choice of the best restorative material for these 

lesions. Although emphasis was placed on occlusal and buccal lesions in this 

study, their combined effect was not studied. 

      One of the aspects of restorative dentistry involves the conservation of tooth 

structure. Restoring compromised teeth should involve removal of decay, existing 
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defective restorations, and the severely undermined tooth structure, while 

maintaining the integrity of the rest of the tooth. It is important to observe the 

mechanical properties of dental tissues and restorative materials when restoring 

the loss of tooth structure. The ideal material should recover the biomechanical 

behaviour of the lost structure, resulting in a similar mechanical pattern to sound 

tooth structures (Dirxen et al., 2013, Soares et al., 2013a, Machado et al., 2017). 

The extensive occlusal erosion lesions prepared for this study require restorations 

involving cuspal replacement. In this case the treatment options are direct 

restorations or indirect onlays or crowns (Hui, 2013). If teeth are either functionally 

and/or aesthetically unacceptable, indirect restorations may be indicated 

(Christensen, 2017). Although full crowns are easier to fabricate than onlays 

(Christensen, 2008), they involve extensive tooth structure removal reaching the 

gingival level or below causing gingival trauma and inflammation and possibly 

compromising vitality. In addition, crown cementation may leave foreign material 

sub-gingival, which in return causes permanent irritation and further inflammation 

and tissue loss (Ruiz JL, 2011, Ruiz, 2017). On the other hand, onlays, either 

adhesive or conventional, have proven themselves to be successful for a 

significant number of years (Heymann et al., 1996, Fabianelli et al., 2006, Magne, 

2006, Christensen, 2008, Magne and Knezevic, 2009). They offer cuspal 

coverage with supragingival margins without the need to extend sub-gingivally to 

gain retention and they can be adhesively bonded to the tooth structure (Ruiz JL, 

2011, Ruiz, 2017). By covering one or more cusps or even all the occlusal surface, 

onlays result in favourable stress distribution in teeth (Magne and Belser, 2003, 

Jiang et al., 2010), together with a decreased risk of fracture when compared to 

inlays (Mondelli et al., 1980, Jiang et al., 2010). Onlay restorations have become 
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a frequently chosen treatment option that increases the strength and resiliency of 

the residual tooth structure (Yamanel et al., 2009). Also, the growing popularity of 

modern production techniques, such as clinical CAD/CAM machines, has 

encouraged dentists to provide more conservative restorations than in the past 

(Christensen, 2008). The findings by (Seow et al., 2015) also demonstrated that 

using an onlay was effective in protecting and splinting the buccal and palatal 

cusps of the endodontically treated tooth. Moreover, onlays and ultra-thin occlusal 

veneers have been applied successfully in restoration of severely eroded occlusal 

surfaces of molars (Magne et al., 2012, Politano et al., 2016, Schlichting et al., 

2016). Therefore, onlays were selected as the treatment option for the occlusally 

created erosion lesions. Different onlay material options and techniques were 

selected according to the restorative needs including (non-adhesively bonded 

type III gold, adhesively bonded type II gold, IPS e.max, and direct composite 

resin). The selection of onlay material to restore the occlusal erosion was intended 

to cover the most commonly applied materials for extensive or generalized tissue 

loss affecting the entire occlusal surface (Lambrechts et al., 1996, Schlichting et 

al., 2011, Chabouis et al., 2013, Oleszek-Listopad et al., 2015, Angeletaki et al., 

2016, Politano et al., 2016). Restoration of occlusal surface could prevent 

reduction of the vertical dimension of occlusion (VDO) or post-eruptive tooth 

movement that compromise the occlusal restorative space (Schlichting et al., 

2016). 

      Gold alloys were selected for their enduring performance history in dentistry 

in terms of biological compatibility and functional durability (McLean, 1980). Gold 

remains the standard when aesthetics are not a factor, particularly for posterior 
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full and partial coverage restorations (Small, 2006). Gold alloy inlay and onlay 

restorations have recently gained growing interest. This was primarily stimulated 

by a group of dentists who strongly believe that these restorations are still the best 

long-term restorations (Christensen, 2008). However, patient’s demand for 

“natural” aesthetics, guides contemporary dentistry. Patients often reject gold 

treatment options, as they desire a highly aesthetic restoration that resembles 

natural tooth structure, even for posterior teeth, (Anusavice, 1989, Angeletaki et 

al., 2016). 

      Tooth-coloured restorations including composite resin and ceramic materials 

are the most popular restorations currently used (Sadowsky, 2006, Jiang et al., 

2010). The primary advantages of non-metal restorations are superior aesthetics 

and cost effectiveness (Stein et al., 2005, Jiang et al., 2010). Composite resin 

restorative systems can provide minimally invasive rehabilitation of posterior 

teeth. Composite resin restorations are also characterised by their low elastic 

modulus, this allows more absorption of functional stresses by deformation 

(especially when used for onlays) (Brunton et al., 1999, Magne and Knezevic, 

2009). Directly or indirectly placed composite materials are among the best 

alternative non-metallic, tooth-coloured treatments (Spreafico et al., 2005, 

Angeletaki et al., 2016). Although direct composite resin restorations are expected 

to wear more than ceramic, it has been proposed that they preserve more of the 

antagonistic enamel as the composite resins will wear preferentially (Panitvisai 

and Messer, 1995, Magne and Knezevic, 2009). The elastic modulus values of 

ceramic veneer materials are close to enamel (Piwowarczyk et al., 2005, Yamanel 

et al., 2009, Dirxen et al., 2013, Machado et al., 2017). While, composite resins 
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have mechanical properties similar to dentine as their modulus of elasticity is 

lower than dentine (Craig and Peyton, 1958, Yamanel et al., 2009, Jiang et al., 

2010, Soares et al., 2013a, Zeola et al., 2015, Machado et al., 2017). Their 

properties (elastic modulus, hardness, and compressive strength) depend mainly 

on the volume and size of filler particles in the material. Small filler particle and 

higher volume combination generally leads to improved properties of the 

composite material (Yamanel et al., 2009). In recent years, both direct and indirect 

composite resins have improved in terms of their mechanical properties 

(Leinfelder, 2005, Magne and Knezevic, 2009). Their increased filler content 

provides improved fracture toughness (Shortall et al., 2001, Magne and Knezevic, 

2009). Direct light-cured composite resin restoration was selected as one of the 

onlay restorative materials in the study as it has great advantages; it permits 

preservation of tooth structure, it is usually performed in one treatment 

appointment, and is at relatively low cost. However, it is also associated with 

polymerization shrinkage and low wear resistance (Feilzer et al., 1987, Barnes et 

al., 1991, Davidson, 2000, Yamanel et al., 2009, Angeletaki et al., 2016). On the 

other hand, indirect composite technique involves fabricating the restoration 

outside the oral cavity, on a virtual or traditional model of the prepared tooth. This 

overcomes some of the disadvantages of the direct technique, such as 

polymerization shrinkage (Wassell et al., 1995, Angeletaki et al., 2016). 

Furthermore, it provides better physical and mechanical properties of the 

restoration by light or heat post-curing, and achieves ideal occlusal and proximal 

contouring (Roberson et al., 2002, Duquia et al., 2006, Barone et al., 2008, 

Yamanel et al., 2009, Angeletaki et al., 2016). However, this technique has some 

disadvantages as it does not achieve improved clinical longevity when compared 
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with directly placed composite resin restorations (Wassell et al., 1995, Fennis et 

al., 2004, da Veiga et al., 2016). It is also more time consuming and requires extra 

cost and clinical appointments to complete the additional procedures. 

      When comparing the direct and indirect composite onlay techniques and 

properties, similar flexural strength, flexural modulus, and hardness were found 

(Yamanel et al., 2009). Furthermore, results of the systematic review carried out 

by (Angeletaki et al., 2016) on the long-term clinical performance of direct  versus 

indirect inlay/onlay composite restorations in posterior teeth showed no 

statistically significant difference between the two restoration techniques. For 

these reasons, the direct composite onlay technique was selected in this study. 

      To standardize cementation pressure and achieve a uniform cement 

thickness for all groups, cementation was carried out under static vertical finger 

pressure of around 60N. This is based on the recorded average achievable 

clinician finger pressure (Black and Amoore, 1993, Zortuk et al., 2010). 

      Lost enamel and dentine in the cervical region of the tooth, such as buccal 

erosion lesions, are usually restored with adhesive restorations (composite 

resins) (Kim et al., 2009), flowable resins (Perez, 2010), and glass ionomer 

cements (Ichim et al., 2007)), regardless of the cause of the lesion. Our material 

choice was limited to direct composite resin restorations as previous findings of 

(Machado et al., 2017) indicated that composite resin tested for NCCL was able 

to restore strain and the biomechanical properties similar to the sound pre-

treatment level. Moreover, direct composite material is kind to periodontal tissues 

if proper restoration finishing and polishing is performed, allowing for a 
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satisfactory restoration contour and surface polish (Santos et al., 2007). This 

selection also allowed comparison of the material behaviour in different lesion 

sites (occlusal and buccal). 

      Ceramics have been in use in restorative dentistry for many years and is 

growing in popularity. A part from being highly aesthetic, ceramic restorations 

maintain a more stable occlusion than composites and possess superior colour 

stability (Manhart et al., 2001, Roberson et al., 2002, Magne, 2007, Yamanel et 

al., 2009). However, ceramic restorations suffer their own limitations of having low 

tensile strength and being brittle (Anderson, 1976, Abu‐Hassan et al., 2000, 

McLaren and Cao, 2009, Zhang et al., 2013). Fortunately, the use of adhesive 

cements (Grossman, 1989, Van Meerbeek, 2003, Spencer et al., 2010, Marchesi 

et al., 2014, Weiser and Behr, 2015, Manso and Carvalho, 2017, Ramakrishnaiah 

et al., 2018, Pan et al., 2019) and different surface treatment techniques (Abu‐

Hassan et al., 2000, Dejak and Mlotkowski, 2008, Romanini-Junior et al., 2018) 

can improve these properties. In this connection, IPS e.max® Press, was selected 

for this study. The IPS e.max was introduced in 2007 to fabricate all-ceramic 

inlays, onlays, single- and multiple-unit restorations for both anterior and posterior 

region (Heintze et al., 2011, Tang et al., 2014). IPS e.max® Press is a pressable 

glass-based system with lithium-disilicate fillers (where the alumino-silicate glass 

has lithium oxide added). The pressable lithium-disilicate (LS2) glass-ceramic was 

first introduced by Ivoclar in 1998 as IPS Empress® II (the predecessor of IPS 

e.max®) (Della Bona et al., 2004, Piwowarczyk et al., 2005, Ozen et al., 2007, 

Yamanel et al., 2009, Tang et al., 2014, Alkadi and Ruse, 2016). This material 

had higher mechanical properties than the lucite-reinforced glass-ceramic (IPS 
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Empress). However, it had high opacity and had to be used as a core material 

and always veneered (Tang et al., 2014). IPS e.max combined durability and 

esthetics which can be directly fabricated as a bulk without veneering (Wolfart et 

al., 2009, Gehrt et al., 2013, Pieger et al., 2014, Tang et al., 2014). The crystals 

that form within the lithium-disilicate materials comprise about two thirds of the 

volume of the glass ceramic. The shape (needle-like) and volume of the crystals 

contribute to almost double the fracture toughness and flexural strength of this 

material (Della Bona et al., 2004, McLaren and Cao, 2009). 

      The IPS e.max material comes in a pressable (e.max Press) and machinable 

(e.max CAD) forms. Different lithium-disilicate crystal sizes are related to each 

form (e.max Press- 3 to 6 µm, e.max CAD- 0.2 to 0.1 µm), leading to different 

flexural strengths (e.max Press- 470 MPa, e.max CAD- 530 MPa) and therefore 

different applications. Clinical data for single restorations are excellent with this 

material, especially if it was bonded (Piwowarczyk et al., 2004, McLaren and Cao, 

2009). The basic mean survival rate of 96% was calculated for both forms from 

the values reported by some clinical studies involving IPS e.max® Press based 

on 3-10 year long studies (Gehrt M, 2012, Kern et al., 2012, Guess et al., 2013). 

      Both all ceramic and composite onlays rely on chemical bonding for retention 

in an adhesive preparation, which eliminates the need for residual cuspal outline 

for mechanical retention (Sinescu et al., 2011). Restoration margin design also 

affects the restoration material selection and outcomes. As ceramic materials 

have relatively low tensile strength, the thickness of a restoration is critical 

(especially at the restoration margins). With the occlusal erosion protocol followed 

in this study, a rounded external enamel margin (chamfer-like) was formed by 



196 

 

erosion. This design resembles the final overlay preparation with circumferential 

adhesive ferrule effect for heavily compromised vital teeth (with thin walls, cracked 

teeth, and endodontically treated molars and premolars) (Magne et al., 2012, 

Politano et al., 2016, Schlichting et al., 2016). This circumferential design provided 

good enamel peripherally to which to bond. Isaacs (1987) preferred chamfered 

occlusal margins. In addition, Abu‐Hassan et al. (2000) reported insignificant 

differences between stresses registered with chamfer and bevel design margins 

compared to shoulder type when vertical load was applied. 

      For all restorative materials used in this study, a dentine-bonding agent was 

used. Consequently the simulation assumed a perfectly bonded interface 

between the dentine surface and the onlays (Frankenberger et al., 1999). In case 

of cemented restorations (IPS, BG, and NBG), a space of 120 µm (McLean, 1971, 

Holmes et al., 1992, Reich et al., 2011) was added to accommodate the cement 

layer. In the FEA modelling, the fitting surface of all onlays regardless of the 

material was considered as bonded for the simulation. 

      Before testing, the resin base of all samples was machined to expose some 

of the root structure. This was designed in this way so that on loading, only 

micromotion occurred. Intraoral functional loads vary widely with a reported range 

from 10 to 431 N (Roberson et al., 2002, Yamanel et al., 2009). Gradual occlusal 

loads up to 130N were applied to test the effect of load within the physiological 

limit for human teeth (Kiliaridis et al., 1995, Ranjitkar et al., 2008, Valdivia et al., 

2012, Pereira et al., 2013, Soares et al., 2013b). During loading, contact was 

established between the stainless-steel ball bearing loading tip and the central 
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fossa of molars. This was reported to facilitate repeatable loading of the specimen 

(Magne and Knezevic, 2009). 

      At all testing stages, FEA images show that stresses with vertical load were  

highest  at the central fossa related to the load point at all erosive and restorative 

stages as found by Abu‐Hassan et al. (2000). Only vertical load was applied in 

this experiment as vertical load orientation normal to the tooth long axis is more 

evenly distributed to the supporting tissues, avoiding tooth bending and stress 

concentrations (Lee et al., 2002, Rees et al., 2003, Borcic et al., 2005, Guimarães 

et al., 2014, Seow et al., 2015). Earlier experiments applied similar protocols of 

vertical loading (Panitvisai and Messer, 1995, Jantarat et al., 2001, Magne, 2007, 

Soares et al., 2008a). In addition, The effect of the loading type (vertical, 

horizontal) on stress distribution has been investigated and compared in the 

literature (Palamara et al., 2000, Asmussen et al., 2005, Romeed et al., 2006, 

Yamanel et al., 2009, Jiang et al., 2010, Romeed et al., 2012, Guimarães et al., 

2014, Wayne et al., 2014). Vertical load leads mainly to compressive-type 

interfacial stresses, which can be assumed to minimise potential onlay restoration 

debonding (Magne and Belser, 2003). Moreover, horizontal load always produced 

higher concentration of stresses in the cervical region compared to the vertical 

load (Soares et al., 2015, Zeola et al., 2015).  

      Strain gauges and FEA (virtual strain gauge on buccal cervical enamel 

position) (Figure 3.27, Figure 3.36) gave comparable results at both erosive and 

restorative stages. They correlated early loss of occlusal enamel (≈ 80-100 µm) 

with increased measured strain to the baseline. Strain increase may be related to 

the effect of removing the stiffer aprismatic enamel. However, with further 
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reduction of enamel thickness; erosion extended over 7 days (≈ 550- 650 µm) and 

10 days (750- 850 µm), overall strain in both strain gauge and FEA testing tended 

to reduce and stabilize with values insignificant to the baseline. Moreover, with 

total enamel loss and exposure of dentine (≈1250- 1350 µm), strain level further 

reduced and maintained an insignificant difference to the baseline. Strain 

reduction could be related to the generalized loss of tooth height and loss of the 

stiffer enamel layer which may lead to load absorption and dissipation by the more 

resilient dentine. Also, this could be related to the strain distribution pattern shown 

by FEA model, where higher strain was transferred into dentine than enamel, 

which may not be captured by strain gauges attached to the enamel surface. In 

the literature, mounting strain gauges on tooth surfaces was suggested to be a 

reliable means of recording relative stress/strain under non-destructive occlusal 

loading (Reeh et al., 1989b, Lopes et al., 1991, Shor et al., 2003, Seow et al., 

2015). However, the record of strain obtained by strain gauges is regional, related 

to the tested surface and is continuous in time but discontinuous in space, i.e. a 

gauge captures a measurement at a single point (Moore and Tyrer, 1995).  

      Both strain gauge and FEA restorative results were comparable to each other 

and to baseline (Figure 3.27, Figure 3.36). All tested onlay materials showed 

favourable strain distribution. Both restoration and adhesive layer alleviated part 

of the strain from the underlying tooth structure (Çötert et al., 2001, Dalpino et al., 

2002, Sagsen and Aslan, 2006, Seow et al., 2015).  This is in agreement with 

earlier studies that suggested that the use of resin luting cements together with 

dentine adhesive systems was able to strengthen restored tooth units. However, 

in our study, both bonded and non-bonded gold onlays had similar results 
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supporting the role of the properties of the restorative material over bonding on 

the durability of the restoration (De Munck et al., 2005, Breschi et al., 2008, Liu et 

al., 2011, Marchesi et al., 2013). Conversely, Abu‐Hassan et al. (2000) found that 

the tooth structure suffered more stresses than the restoration when vertical load 

was applied to onlay restored teeth. 

      Although similar strain values were recorded with all tested onlay materials, 

direct composite resin suffered more stresses than gold and ceramic onlays and 

transferred more stresses to the tooth structure (Figure 3.35, Figure 3.44). 

Subsequently, the tooth may suffer a catastrophic fracture or the bond between 

the tooth and the restoration may be compromised (Mesquita et al., 2006). 

Yamanel et al. (2009) carried out a 3D finite element analysis study on the effects 

of different composite resin or ceramic materials on stress distribution in inlay and 

onlay cavities and had similar findings with respect to composite resin. They 

explained that the low elastic modulus of the composite resins may have 

accounted for these results as it allows the transfer of large amount of stresses to 

the tooth. Our results are consistent with findings of studies comparing the 

efficacy of ceramic and composite inlays (Fasbinder et al., 2005, Thordrup et al., 

2006, Chabouis et al., 2013), onlays (Magne and Belser, 2003), or restorations 

for endodontically treated teeth (Zhu et al., 2017), where ceramic was favoured 

over composite resin. 

      Von Mises stress is “the value used to determine if a given material will yield 

or fracture”. Von Mises calculates the distortion energy density at a particular point 

in the system. This also indicates stress distribution within the FEA model upon 

loading and may also explain the results by strain gauges, where absorption of 
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stresses internally could decrease the stresses suffered by the external enamel 

surface, on which strain gauges were attached (Figure 3.35, Figure 3.36). For 

example, the 1D erosion showed a slight decrease in the von Mises strain in both 

internal enamel and dentine layers, which was reflected as increased strain 

recorded by strain gauges. On the other hand, with progression of erosion (7D, 

10D, and 14D), von Mises stresses constantly increased at both tooth layers, 

while decreased by strain gauges. After restoration with composite resin onlay, 

both composite resin and underlying dentine suffered high strain. While, other 

onlay materials; gold and ceramic (BG, NBG and IPS), and bonded cement layer, 

suffered more strain than the underlying dentine. IPS had the best results followed 

by BG, NBG, and finally composite resin. Similarly, Magne and Belser (2003) 

found that ceramic onlays were the most promising solutions to restore severely 

damaged posterior teeth when compared to composite resin. Moreover, earlier 

conclusions by Douglas (1985) stated that the strength of composite resin falls off 

with cavity size increase. While, the opposite was true about ceramic-restored 

teeth, where the stiffness had increased with increased cavity size. 

      FEA prediction data are in good agreement with the experimental data, as 

discussed earlier. This comparison indicates the great accuracy of the numerical 

model with respect to a very complex simulation of compression test in a human 

tooth model and confirms the efficacy of strain gauges as a strain testing tool. 

      Strain behaviour tested by ESPI was comparable to results by strain gauges 

where strain increased after 1 day of erosion followed by a decrease at 7 and 10 

days and reached the lowest at 14 days which was insignificant to baseline. ESPI 

uses a live stream video system for image acquisition Therefore, it provides data 
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that are continuous in space and time (Moore and Tyrer, 1996). Out-of-plane 

displacement records strain related to the imaged surface where phase maps 

were acquired after subtraction of loaded from unloaded images of the surface. 

The phase maps consist of parallel fringes that are processed (unwrapped) to 

calculate displacement. Although ESPI allowed generation of valid data that 

agreed with strain gauge data, the procedure was ultimately sensitive to vibration 

and required high expertise and knowledge of involved physical science required 

for set-up and interpretation of results. Therefore, this technique was limited to 

testing the erosive stage of the experiment and discontinued for the restorative 

stage. Difficulties encountered with the ESPI technique were the reason behind 

exploring other novel methodologies (preferably contact-free optical ones) to 

measure strain. Searching the literature gave results about the digital image 

correlation technique (DIC) which was selected and applied for the next strain 

experiment. 

      Cervical lesions come in different shapes (wedge, saucer, combination) (Hur 

et al., 2011, Soares et al., 2015). Although multifactorial in origin, the predominant 

causal factor was speculated to be key in determining the lesion’s final shape 

(Sognnaes et al., 1972, Lee and Eakle, 1984, Bartlett and Shah, 2006). Saucer-

shaped lesions (U-shaped) are thought to be produced by acid erosion (Levitch 

et al., 1994, Palamara et al., 2006), whereas lesions with sharply defined margins 

(V-shaped) could be caused by abrasive factors and non-functional occlusal 

loading (Grippo, 1991, Levitch et al., 1994, Piotrowski et al., 2001, Guimarães et 

al., 2014). According to our experiment (involving only acid erosion) U-shaped 

lesions were produced. However, Soares et al. (2015) found that the shape of the 
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lesion had little effect on the stress distribution pattern, whereas the loading type 

and the use of composite restorations influenced the biomechanical behaviour of 

maxillary premolars. 

      Buccally eroded samples showed different behaviour to loading than occlusal 

erosion. The results indicate that the size of the lesion greatly influences the 

magnitude of strain on loading. With erosion progression, strain gradually 

increased but only after 10 days (2/3rd enamel thickness lost) became significant 

to baseline and all previous erosion stages. Buccal lesion restoration restored 

their mechanical properties to become similar to that of sound pre-treatment 

condition. These results are in agreement with Zeola et al. (2015) who found that 

the loss of dental structure in the cervical region promoted changes on stress 

distribution pattern, even lesions as small as (0.5mm) generated high stress 

concentration in the cervical area. Authors suggested in lower premolars that 

stress magnitude increased as the cervical lesion depth increased. Additionally, 

Zeola et al. (2015) and other authors (Soares et al., 2015, Machado et al., 2017) 

confirmed that the replacement of lost tooth tissue with adhesive restorations 

recovered biomechanical behaviour that was close to the sound model. 

      In their study, Zeola et al. (2015) found that despite all other factors (load type, 

lesion morphology, and restorative material), non-restored models produced the 

highest stress concentration on the cervical lesion walls. These findings place 

great emphasis on the need for restoration of cervical lesions even if lesions are 

arrested and sensitivity is not an issue. Extensive lesions at a later stage of 

progression maybe arrested but can still pose critical biological and mechanical 

consequences (like pulpal devitalisation and/or calcification, bone resorption, 



203 

 

tooth mobility and ultimately tooth fracture) if left untreated (Guimarães et al., 

2014). Bone loss scenarios (pathological, or physiological with aging) amplifies 

stress magnitudes in deep lesions due to the increase in bending moments. 

Treatment planning for non-carious cervical lesions should seek not only to 

restore the lost tissue (Michael et al., 2009), but also to control all etiological 

factors involved (Grippo et al., 2012). 

      Strain testing methodologies applied in this study (strain gauges, ESPI, and 

FEA) are non-destructive and are useful in analysing the biomechanical behaviour 

of teeth associated with different levels of tissue loss, different restorative 

materials, and strain measuring techniques, analysing the relation between stress 

and strain (Rees et al., 2003, Soares et al., 2013a, Machado et al., 2017). 

However, all techniques present some limitations. The strain gauge and ESPI 

measure only deformations related to the external surface. High standard 

deviations result with these techniques because of the high variability related to 

human teeth. In addition, ESPI is sensitive to set-up accuracy and environmental 

vibration which renders it unsuitable for simple strain testing. On the other hand, 

for FEA, although efforts are made to produce a model close to reality, issues 

related to bonding and dynamic aspects of restoration and lute shrinkage, cannot 

always be duplicated.  Because of these limitations, combination and correlation 

of more than one technique was applied to validate results. The tested 

methodologies showed good inter-correlation and complemented each other 

facilitating reliable data generation. 

      In conclusion, it was observed that vertical loading of occlusally eroded 

lesions resulted in increased strain at the initial erosion stage followed by gradual 
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decrease with erosion progression. While, strain in buccally eroded molars was 

directly related to erosion progression. Restoration of both lesions resulted in 

strain levels similar to sound teeth. All occlusal onlay materials had comparable 

performance. However, stain patterns favoured ceramic and gold onlays over 

composite onlays. All applied methodologies gave similar results and are valuable 

in assessment of strain in teeth. Therefore, all null hypotheses can be rejected. 
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The Effect of Different Remaining Tooth Structure 

Dimensions and Related Restorations on Strain: 

A Digital Image Correlation and Strain Gauge 

study 

4 Chapter 4- The Effect of Different Remaining Tooth Structure Dimensions and Related Restorations on 
Strain: A Digital Image Correlation and Strain Gauge study 
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4.1 Introduction- Chapter 4: 

________________________________________________________________ 

 

      Evaluation of remaining tooth structure should focus on both the 

quality/quantity of the remaining tooth structure in order to consider the available 

restorative options. Moreover, teeth are subject to varying magnitudes and 

directions of functional and para-functional forces (Ausiello et al., 2004, Yamanel 

et al., 2009). Restorative procedures influence stress and strain in teeth. With 

varying amounts of remaining tooth structure, different tooth positions and load 

directions, different types of restorations are recommended. In this chapter, the 

effects of different quantities and qualities of remaining tooth structure were tested 

and compared using two testing methodologies; strain gauges (SG) and digital 

image correlation (DIC). Additionally, the effect of two restorative options 

(intracoronal restoration and cuspal coverage) was carried out by SG. 

The null hypotheses tested in this study were that: 

 There would be no significant difference in strain in teeth with differing 

structural loss, 

 There would be no difference in strain in teeth restored with different designs 

of restoration (core restoration, cuspal coverage), 

 There would be no correlation in strain measured using the two different 

techniques. 
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4.2 Material and Methods- Chapter 4: 

________________________________________________________________ 

      50 extracted premolars of similar size were selected to measure within the 

following means ± SD: 8.2 ± 0.1 mm (buccolingual), 6.4 ± 0.1 mm (mesiodistal), 

and 8.3 ± 0.1 mm (cervico-occlusal).  Each tooth was mounted vertically in epoxy 

resin (refer to Page 91, 92). 10 sound premolars served as control (Control). 40 

premolars served as test and each premolar was divided into 2 samples (buccal 

and lingual walls) (n=80). Samples were divided into 2 subgroups (n=40) 

according to the composition of the prepared walls. One group was prepared to 

have both enamel and dentine elements in the remaining walls (E+De), while the 

other was prepared to remove all enamel and have dentine only (De). Foe each 

sample, silicone putty impression of the buccal or lingual surface was made to 

produce a reference key to guide surface reduction. Each group was further 

divided into 4 sets of dimensions according to the preparation height to width ratio 

of the 2 remaining cusps (n=10). The dimensions of 1mm and 1.5mm were 

selected to represent the width for (2:1 and 3:1) height to width ratio generating 4 

preparation dimensions (A, B, C, D) as shown in (Table 7). 

 

Table 7:  Sample Preparation Dimensions 

Wall Width (H:W mm) 2:1 (H:W mm) 3:1 

1mm 2:1 (A) 3:1 (B) 

1.5mm 3:1.5 (C) 4.5:1.5 (D) 

H = Height of prepared wall; W= Width of prepared wall. 
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4.2.1 Sample Preparation: 

________________________________________________________________ 

      Tooth preparation started as an MOD cavity, then cuspal walls were reduced 

in thickness at both outer and inner aspects following the outer contour of the 

tooth to the test dimensions (Table 7) with a high-speed hand piece and constant 

water irrigation at 40 ml/min flow rate. A digital calliper was used constantly to 

check dimensions along 6 approximate points on the prepared wall (mesial, 

central, and distal points at both the incisal and cervical ends of each prepared 

wall). For initial preparation the FG 765X Coarse chamfer diamond bur (Kerr Blu 

White Coarse Diamond Bur, Henry Schein Europe) was used, followed by FG 

SF2 fine chamfer diamond bur (Kerr Blu White Diamond Bur FG Yellow, Henry 

Schein Europe) and finally with a tungsten carbide finishing bur (T/C Fine Finish 

30 Blade, Henry Schein Europe). The base of each prepared sample wall was 

considered to be 1 mm above the CEJ. Teeth were lightly prepared as a slice 

preparation with no finish line cervically.  The external walls were cut to be parallel 

with a maximum wall inclination of 6ᵒ-14ᵒ on buccal, lingual, and proximal aspects 

(Johnston et al., 1965, Shillingburg et al., 1997) creating a total occlusal 

convergence (TOC) of 10ᵒ-20ᵒ (Goodacre et al., 2001, Rosella et al., 2015). The 

inclination angles formed was determined by direct viewing of the preparation 

from all aspects (buccal, lingual and proximal). A dimple (1mm diameter and 0.5 

mm depth) was prepared on the top of each wall to allow a point of loading at the 

centre of the wall (Figure 4.1, Figure 4.2). All preparations were made by one 

operator to ensure standardization. Teeth were prepared according to 4 sets of 

dimensions involving different height to width ratios. The resulting walls followed 



209 

 

the natural convexity of the buccal and palatal tooth surfaces. To standardize 

preparations, the radius (R) of the convex walls was calculated to have an 

average value of 3.25mm ±0.15 (SD) according to the following equation: 

R =
(
X

2
)
2
+H2

2H
   

 Where X is the mesiodistal width of the convex wall and H is the depth of the 

convexity. 

      To keep teeth moist after preparation, a damp cotton pellet soaked in thymol 

was placed over each tooth. Teeth were kept within a sealed plastic container 

resting on a thymol moist tissue to act as a humidor and refrigerated until ready 

for testing. 

 

Figure 4.1: A diagram of the prepared tooth. 
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4.2.2  Restorative Phase: 

________________________________________________________________ 

      To test the effect of tooth restoration on the prepared walls, all samples were 

prepared to receive 2 types of composite resin core restorations (core1, core2). 

Samples were polished with pumice, rinsed, dried, and etched. A clear Mylar 

matrix strip (Henry Schein Europe); fitted in a Universal Tofflemire matrix retainer 

(Henry Schein Europe), was placed around specimens. Bonding agent was 

applied followed by composite resin incremental application and light curing. The 

final restoration was finished and polished (Refer to Page 152-153) for detailed 

technique). 

 

Figure 4.2: mounted prepared specimen. 
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4.2.2.1   Core restoration (core1): 

________________________________________________________________ 

      The direct composite resin core was built up incrementally to fill the prepared 

cavity in each tooth and end at the level of the prepared sample wall. The dimple 

at the top of each preparation was preserved to allow future loading (Figure 4.3). 

 

4.2.2.2   Core restoration with cuspal coverage effect (core2): 

________________________________________________________________ 

      Extra layers of composite with varying thicknesses; according to the prepared 

wall height, (Table 8) were added on top of both (core1) and the prepared sample 

walls (Figure 4.4). 

Figure 4.3: Sample with direct composite resin core build-up (core1). A. buccal 

view, B. proximal view. 
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Table 8: Composite Restoration Dimensions for (Core2) 

Wall Height Group Covering Composite Thickness 

2mm  (A) 4mm 

3mm (B), (C) 3mm 

4.5mm (D) 1.5mm 

 

4.2.3 Displacement Measurements on Tooth Specimens: 

________________________________________________________________ 

      After tooth preparation, (prepared) readings for all specimens were recorded 

using two different methodologies: Digital Image Correlation (DIC) and strain 

gauges (SG) under uniaxial compression tests. The load was introduced into the 

dimple on the top of each specimen using a 2.5 mm ball bearing. Loading was 

ramped within physiological limits for the human dentition (refer to Page 159). 

Strain was recorded at 130N for (SG) or calculated for (DIC). 

Figure 4.4: Sample with direct composite resin cuspal coverage build-up 

(core2). A. buccal view, B. proximal view. 
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4.2.3.1  Experimental Setup for Strain Gauge Testing: 

________________________________________________________________ 

      Strain gauges were attached to the outer surface of the prepared samples 

(either buccal or lingual according to the prepared wall) (refer to Page 158). 

Samples were subjected to the same gradual loading and unloading cycles as 

previously described and strain values were recorded at (130N) the peak load 

point representative of physiological loading. 

 

4.2.3.2  Experimental Setup for Digital Image Correlation (DIC) Testing: 

________________________________________________________________ 

      The specimens in the resin mount were placed in an Instron Electropuls 

E3000 machine (Instron, Norwood, Massachusetts, USA) which was programed 

to produce the predetermined loading cycle (refer to page 159). A speckle pattern 

was painted onto the specimens using a black-ink spray as better quality DIC 

measurements could be obtained using this patterning method (Figure 4.5). The 

imaged face of the samples was kept dry for the duration of the test. Images were 

analysed and a displacement field determined. 

      The speckled buccal/palatal surface of the specimen was imaged using a 

macro lens of a CCD camera (Imager Intense, LaVision Inc.) that had a field of 

view of approximately (3mm x 2mm) in a circular area caused by internal vignette 

of the image, (Figure 4.5). At this magnification, this corresponded to 

approximately 1800 pixels per mm or 1.8 pixels = 1 micrometre. Vertical 
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displacement was measured in an area directly below the point of indentation on 

the buccal/ palatal surface of the specimen. Images were captured at peak load 

(130N) and final unload (5N) and these were used to measure displacement. To 

calculate the surface strains, the digital image correlation system (StrainMaster, 

LaVision Inc., Göettingen, Germany) was used. The displacement field was 

processed in several ways to calculate strain over appropriate fields of view, either 

a long narrow width representative area or a shorter vertical height where linear 

strain behaviour was observed. The effect of the dimensions of the specimen 

under load was incorporated by calculating the bulk modulus from the zone where 

linear strain behaviour has been measured. Data were averaged over a small 

width either side of the central line and these were plotted against a vertical 

position within the specimens. Strain was recorded when it was constant at areas 

where appreciable linear relationship between displacement and vertical position 

were observed (Figure 4.6). 
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4.2.4  Results- Chapter 4: 

________________________________________________________________ 

      The goal of the analysis was to determine the influence of the three factors 

involved in this study: tooth composition, dimensions of the remaining tooth 

structure, and two different restorative options on strain. Also, to compare the data 

acquired by two techniques: the surface displacement field measured using 

Digital Image Correlation (DIC) and strain gauges (SG). Two tooth compositions 

(E+De and De) and four height to width (H:W) dimensions (A=2:1mm, B=3:1mm, 

C=3:1.5mm, D=4.5:1.5mm) were tested. For  (DIC), Data of tested strain under 

gradual loading and unloading technique were analysed with a 2-way ANOVA. 

While, for (SG) technique, a 3-way ANOVA was applied where restoration was 

added as a variable [two restorative stages (a bonded composite resin core 

(Core1) and a bonded composite resin core with cuspal coverage (Core2)] was 

completed. Bonferroni post hoc test was applied when significance between 

tested groups was confirmed. Groups were considered statistically different at α≥ 

0.05. 

 

4.2.4.1 DIC Results: 

________________________________________________________________ 

      A typical image from a measurement is shown in (Figure 4.5). Here the 

position of the loading ball can be seen at the top of the image. The speckle 

pattern is clearly visible. The area at the bottom of the image is partially embedded 

in resin and behaved differently under load to the bulk of the specimen.  
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      The area used for the measurement is demarcated as a red box in (Figure 

4.5). The data were averaged over a small width either side of the centre line and 

this was plotted against the vertical position within the specimen. For many 

specimens there were appreciable areas where a linear relationship between 

displacement and vertical position was observed and the strain was constant 

within these areas and was recorded. A displacement field, in micrometres is 

shown as an example in (Figure 4.6). This was generated by using the relative 

movement between two images to measure in-plane displacements of one image 

against another. The images used for this were fully-loaded with subsequent 

unloading. 

 

 

 

Figure 4.5: A typical image used for displacement field measurement. 
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      The two-way ANOVA indicated a statistically significant difference in the mean 

strains between the different preparation dimensions (A, B, C, D) (p<.05) but not 

between the compositions (De, E+De) (Table 11). Foe E+De groups, dimension 

A showed a significantly higher strain than C & D. While, Dimension D showed 

significantly lower strain than A & B. No significance was detected between 

dimensions B & C or C & D. Displacement in Control samples was too low to be 

recorded by the DIC system. 

      Comparison between the estimated mean strain values and their associated 

standard deviation for all groups (A, B, C, D) including both Dentine (De) and 

Enamel+ Dentine (E+De) compositions are shown in (Figure 4.7). 

 

Figure 4.6: A full field displacement measurement using DIC showing movement 

in the vertical direction, the pixels increase from top to bottom. The scale is in 

micrometres. 
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Table 9: Tests of Model Effects (DIC) 

Source 

Type III 

Wald Chi-Square 

Degree of 

freedom 

df 

Significance 

Dimension 27.055 3 .000 

composition 2.804 1 .094 

Dimension * composition .559 3 .906 

 

 

 

 

Figure 4.7: The mean strain values for all the groups ± standard deviation with 

Digital Image Correlation (DIC) testing for both Dentine (De) and 

Enamel+Dentine (E+De) groups. n=10 per group (*p< 0.05). A, (Height to Width 

ratio (H:W) = 2:1mm). B, (H:W= 3:1mm), C, (H:W= 3:1.5mm), D, (H:W= 

4.5:1.5mm). 
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4.2.4.2 Strain Gauge Results: 

________________________________________________________________ 

      The 3-way ANOVA indicated a statistically significant difference (p<.05) in the 

mean strains between the different preparation dimensions (A, B, C, D), between 

the 2 composition groups (De, E+De), and between different restoration stages 

(prepared, core1, core2 (Table 10). 

      Strain readings for all prepared cavity dimensions in both composition groups 

(De, E+De) were statistically significantly higher than control. Dimension (A) 

showed significantly higher strain than all other dimensions. While, dimensions B 

showed significantly higher strain than D only in (E+De) composition (p<.05).  

      After restorations, all restored groups (A, B, C, and D) in both compositions 

(De, E+De) showed significantly higher strain than control. The effect of different 

restoration design was evaluated for each composition. In Dentine (De) groups, 

dimension (A) showed significantly higher strain for both core1 and core2 than all 

other groups (B, C, & D), but no significance was detected from the prepared 

unrestored group. Strain in dimension (B) with core1 showed no significance from 

the prepared or core2 groups but was significantly lower than dimension (A) and 

higher than dimension (D). While strain in dimension (B) with core2 was 

significantly lower than the prepared group and dimension (A), and higher than 

dimension (C) and (D). Dimension (C) with core1 showed no significance from 

prepared or core2 but was significantly lower than dimension (A). While, 

dimension (C) with core2 was significantly lower than the prepared and 

dimensions (A) and (B). Dimension (D) with core1 showed significantly lower 
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strain than dimension (A) and (B) but this was not significantly different to the 

prepared group or dimension (C). Also, the strain in core1 was significantly higher 

than that found with core2. While, Dimension (D) with core2 demonstrated 

significantly lower strain than the prepared group and dimensions (A) and (B) 

groups.  

      In (E+De) group, the strain generated in dimension (A) with both core1 and 

core2 was significantly higher than all other groups (B, C, D). Also the strain 

associated with core1 was significantly higher than that with core2, and both were 

significantly lower than the prepared group. Dimension (B) with core1 showed no 

significance from the prepared or core2 groups strain but was significantly lower 

than dimension (A) and higher than (D). While, the strain in dimension (B) with 

core2 was significantly lower than the prepared group and dimension (A) and 

higher than (C) and (D). Both dimensions (C) and (D) with both core1 and core2 

showed only significantly lower strain than dimension (A). However, no 

significance was detected between core1 and core2 in both groups. Dimension 

(C) with core2 yielded significantly lower strain than (prepared) groups. Finally, 

for dimension (D), no significance was detected between core1, core2, or the 

prepared groups.  

      The effect of tooth composition on strain in all dimension over all restorative 

stages revealed the following. Group (A) and (C) showed no significance between 

restorative types and for all compositions. Group (B), recorded significantly higher 

strain in (De) than (E+De) for all restorative stages. While, in group (D), 

significantly higher strain was only recorded between the two compositions in the 

prepared groups. 
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      The estimated mean strain values and their associated standard deviation for 

all dimension groups (A, B, C, D) in (De) and (E+De) compositions at all 

restorative stages (Prepared, core1, core2) are shown in (Figure 4.8). While, 

comparison of the mean strain values within each dimension group at different 

compositions and restorative levels with (SG) testing is shown in (Figure 4.9). 

 

Table 10: Tests of Model Effects in All Groups with Strain as Dependant Variable 

Source 

Type III 

Wald Chi-Square 

Degree of 

Freedom 

(df) Significance 

Dimension 683.029 3 .000 

Composition 129.108 1 .000 

restoration 173.702 2 .000 

Dimension * Composition 28.857 3 .000 

Dimension * restoration 22.890 6 .001 

Composition * restoration 6.683 2 .035 

Dimension * Composition * restoration 11.087 6 .026 
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Figure 4.8: Comparison of the mean strain values between different dimensions 

with the same composition at all restorative stages ± standard deviation with 

Strain Gauge (SG) testing. n=10 per group (*p<0.05 statistical difference between 

groups), (^p<0.01 statistical difference between groups).  De= Dentine, E+De= 

Enamel+Dentine. A, (Height to Width ratio (H:W) = 2:1mm). B, (H:W= 3:1mm), C, 

(H:W= 3:1.5mm), D, (H:W= 4.5:1.5mm). Prep= prepared unrestored sample, 

Core1= intracoronal core composite restoration, Core2= cuspal coverage 

composite restoration). 
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Figure 4.9: Comparison of the mean strain values within each dimension group 

(with different compositions and restorative levels) ± standard deviation with 

Strain Gauge (SG) testing. n=10 per group (* p<0.01 statistical difference 

between restorative stages in groups of the same dimension and composition), 

(^ p<0.01 statistical difference between restorative stages in groups of the same 

dimension and different compositions).  De= Dentine, E= Enamel+Dentine. A, 

(Height to Width ratio (H:W) = 2:1mm). B, (H:W= 3:1mm), C, (H:W= 3:1.5mm), D, 

(H:W= 4.5:1.5mm). Prep= prepared unrestored sample, Core1= intracoronal core 

composite restoration, Core2= cuspal coverage composite restoration).   
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4.2.5  Discussion- Chapter 4: 

________________________________________________________________ 

      In the present study, teeth were subjected to gradual non-destructive occlusal 

loading followed by unloading in order to try to mimic a clinically relevant loading 

pattern. Different dimensions, qualities of remaining tooth structures and the effect 

of directly bonding composite core restorations using 2 restoration designs were 

investigated with no attempt to restore the teeth to their original form. Teeth were 

prepared according to 4 sets of dimensions involving different height to width 

ratios. The resulting walls followed the natural convexity of the buccal and palatal 

tooth surfaces. 

      DIC is an innovative non-contact optical methodology to measure strain and 

displacement. It uses the relative movement between two images to measure in-

plane displacements. The effect of the size of the tooth specimen under load was 

incorporated by calculating bulk modulus for each sample from the zone where 

linear strain behaviour has been recorded. This was done to overcome the 

inevitable size variations expected to occur between samples although they were 

carefully hand-prepared but not machined. 

      Some areas of the DIC displacement field image appear noisy (Figure 4.5), 

this is due to the out of focus areas and spatial variations in the speckle pattern. 

The central area across the image was chosen to overcome the noise and 

maximise the area for the measurement that was in focus (Figure 4.5). DIC can 

measure displacements at a resolution down to about 1/20th of a pixel or in this 

case about 10 nanometres. However, the limitation of the optical system is the 
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very limited depth of field and areas away from the centre of the image, that are 

out of focus, are less suitable for DIC measurements. This may explain the failure 

of the system to detect the very low displacement expressed by control samples 

and for this reason they were excluded from testing.  

      Fabrication of indirect restorations usually includes tooth preparation to 

remove defects and reshape the remaining tooth structure. There is little 

published data on the optimal thickness of remaining dentine in preparation walls. 

Different heights of remaining coronal walls (0 to 5mm) and widths (0.5 to 4mm) 

have been tested in both vital and non-vital teeth (Al‐Wahadni and Gutteridge, 

2002, Varvara et al., 2007, Marchi et al., 2008, Arunpraditkul et al., 2009, 

Veríssimo et al., 2014).  

      Many studies have been carried out to look at coronal dentine height without 

consideration of width (Al‐Wahadni and Gutteridge, 2002, Varvara et al., 2007, 

Santana et al., 2011, Santos-Filho et al., 2014, Veríssimo et al., 2014, Zhu et al., 

2017), root dentine thickness (Lloyd and Palik, 1993, Tjan and Whang, 1985, 

Marchi et al., 2008), remaining coronal tooth structure location (Ng et al., 2006, 

Arunpraditkul et al., 2009, Murphy et al., 2009), or a combination of these 

(Sherfudhin et al., 2011). 

      The aforementioned studies had different designs, looked at different 

parameters, and lacked a common standardization with most being carried out in 

vitro and little work being undertaken in vivo. So far, however, there have been 

no controlled studies which define specific recommendations on height to width 

dimensions and locations of remaining tooth structure to best withstand stresses 
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and resist fracture. By that, this study is considered the first to evaluate remaining 

tooth walls with a specified height to width ratio. 

      Seow (2005) found that following tooth preparation for a ceramic inlay and 

onlay, the width of 2.0-2.5mm of buccal and palatal tooth structure was remaining. 

While, following preparation for a metal-ceramic crown, approximately 1.0mm of 

tooth structure was left buccally, and between 1.6mm-1.8mm palatally. On the 

other hand, preparation for an all-ceramic crown, using the slightly more 

aggressive dimensions recommended for ceramics at that time, retained 1.0mm-

1.2mm of tooth structure surrounding the endodontic access cavity. The effect of 

these varying dimensions is unknown. 

      Another study by Davis et al. (2012) developed a method to measure local 

dentine thickness using x-ray micro-tomography scans. Scans were made on 

extracted upper central incisors before and after preparation for metal ceramic 

crowns. Their results revealed multiple thicknesses of residual dentine along 

different prepared crown areas ranging between 0.5mm (the thinnest), and 1-

1.5mm (the thickest). Following the aforementioned studies and the tooth 

restorability index as a guide and considering the size of human posterior teeth 

and the space occupied by the pulp, the thickness of 1mm and 1.5mm were 

selected to represent the most common range. In order to assess the possible 

influence of height and width combinations, these dimensions of remaining wall 

thicknesses were prepared against multiple wall heights to produce the height: 

width ratios of 2:1 and 3:1.  
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      In our study, tooth preparation was started as an MOD cavity to create buccal 

and lingual samples in each premolar. To standardize dimensions, the depth of 

the mesial and distal cavities was positioned 2mm coronal to the CEJ. The height 

of the buccal and lingual walls (samples) was measured coronal to an imaginary 

line positioned 1mm above the CEJ (equivalent to the position of the gingival 

margin) as Bandlish et al. (2006), used the gingival finish line to assess the 

remaining tooth structure coronal to this level. This was designed in order to 

prevent pulpal exposure and to simulate a clinical approach to avoid encroaching 

on the biologic width. 

      Samples in this study were tested as independent walls of remaining tooth 

structure without the incorporation of a finish line or investigation of the effect of 

‘ferrule’ if these teeth were restored. The incorporation of the ‘ferrule’ concept is 

considered one of the foundations of restoration of vital and endodontic treated 

teeth. (Ng et al., 2006, Jotkowitz and Samet, 2010). 

      Destructive mechanical tests can be used in situations of high intensity load 

application, to determine fracture resistance and analyse tooth behaviour. 

However, these tests show limitations in obtaining the valuable internal behaviour 

of the tooth restoration complex. For a more reliable response, a combination of 

non-destructive methodologies has been implemented (Reeh et al., 1989b, Deng 

et al., 1995, Soares et al., 2008a). The implementation of non-destructive testing 

methods allows sequential and repeated measurements on the same tooth. This 

allows consistency of measurements, takes into consideration the individual 

differences between teeth, and minimizes the effects of the natural variation 

between teeth (Jantarat et al., 2001). 
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      Based on these results, the null hypothesis that there would be no significant 

difference in tooth strain with different structural loss could be rejected. The 

results of both DIC and strain gauge testing methodologies showed significant 

difference in strain values between some of the geometries tested (A, B, C, & D). 

(E+De) group showed generally lower strain values than (De) at all dimensions 

and all restorative stages (prepared, core1, core2) tested with strain gauges. This 

is most likely due to the stiffening effect enamel has on dentine albeit its minimal 

dimension in (E+De) groups when compared to the presence of dentine only in 

(De) groups. The role of enamel in resisting and dissipating strain may be 

particularly important to patients who have lost enamel due to attrition, ageing, or 

trauma. However, significant difference between the two compositions could be 

detected only when strain gauges were used. This could be attributed to the 

reliability and accuracy of the strain gauges mounted directly on the tooth 

structure, in measuring relative stress/strain. 

      Regarding dimensions, dimension (A) always recorded a significantly higher 

strain at all restorative stages than all groups (B, C, D) in both tooth composition 

groups (De and E+De). This may indicate the insufficiency of this dimension in 

both height and width aspects and therefore, failure in withstanding functional 

stresses. Moreover; in (De) group, significant results were observed among 

different restorative stages when dimension (B) was tested. Dimension (B) with 

(core1) was significantly higher than (D). While, with (core2) it was significant to 

both (C) and (D). This was not seen in (E+De) groups, suggesting the 

strengthening effect of enamel and the particular effect of width and not only the 

height of the remaining tooth structure on its ability to resist stresses. 
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      Since both testing methodologies gave similar result patterns, the null 

hypothesis that there was no difference in strain measured using 2 techniques 

can be partially accepted. In both methodologies, group (A) possessing the 

smallest height and width (2:1mm) showed the highest strain and was significantly 

different to both groups (C) & (D) (3:1.5mm & 4.5:1.5mm) respectively. These 

results suggest the importance of the height to width ratio in the preparation, and 

that by preserving a minimum height of 3 mm and a width between 1-1.5 mm 

lower strain is achieved. 

      This study’s findings with regards to remaining tooth width agree with the 

results of (Shahrbaf et al., 2007) who found that fracture resistance of 

endodontically-treated teeth with composite restoration could be reduced by 

preserving a mesial marginal ridge thicknesses of 2mm, 1.5mm and 1mm. 

However, preserving a 0.5mm thickness of the mesial marginal ridge did not 

provide fracture resistance at the level of intact teeth, yet it conferred higher 

strength than teeth with no marginal ridge at all. 

      The results also accord with earlier observations by (AL‐Omiri and AL‐

Wahadni, 2006), who investigated the effect of different heights of remaining 

coronal dentine on the fracture resistance of root canal treated teeth restored with 

composite cores. Although results were not statistically significant, greater 

fracture resistance was achieved with greater retained dentine height. However, 

the fracture pattern of teeth was not related to the height of retained dentine when 

the height was >2mm. The positive influence of maintaining 3mm of tooth 

structure was also confirmed by Al‐Wahadni and Gutteridge (2002). 
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      Magne (2007) and (Magne and Oganesyan, 2009) have tested the response 

of both anterior and posterior teeth under different loading configurations. The 

authors concluded that progressive loss of tooth substance [MO to MOD to ENDO 

(Endodontic Access)] produced a progressive loss of cuspal stiffness. They also 

confirmed that linear axial loading of posterior teeth did not generate harmful 

concentrations of stress compared to lateral loading. However, the behaviour of 

posterior teeth must be differentiated from the behaviour of anterior teeth due to 

shape and occlusal loading patterns. Stress distribution within an incisor was not 

significantly affected when the tooth material was removed proximally, whereas, 

a significant increase in stress concentration and flexibility occurred when facial 

and palatal tooth material was removed (Magne and Douglas, 2000, Magne and 

Tan, 2008). 

      Our results are also in agreement with findings of a FEA study to test the 

influence of remaining tooth structure on stress distribution in endodontically 

treated maxillary premolars (Zhu et al., 2017). In order to protect the residual tooth 

structure, the authors recommended a conservative preparation including 

preservation of coronal tooth structure height (enamel and dentine). 

      A number of studies suggested that when the biophysical stress and strain in 

restored teeth were analysed, restorative procedures were found to induce the 

tooth crown deformation, and that teeth strength could be improved by increasing 

their resistance to crown deformation (Morin et al., 1988a, Morin et al., 1988b, 

Magne, 2007, Yamanel et al., 2009). In situations of minimal or no retention, 

adhesive restorations have a major advantage of bonding to both enamel and 

dentine (van Dijken, 1999). Bonding to enamel is stable over time, but in vivo 
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(Breschi et al., 2008, Liu et al., 2011) and in vitro (De Munck et al., 2005) studies 

have revealed the limited durability of resin-dentine bonds (Marchesi et al., 2013). 

Frassetto et al. (2016) carried out a review on the durability of resin-bonded 

interfaces and their degradation with ageing and concluded that although most 

currently used dental adhesive systems show favourable immediate results 

reflected in good retention and sealing, dentine bonded interfaces may not 

withstand ageing and may show long-term degradation (Van Meerbeek, 2003). 

Additionally, clinical trials evaluating adhesive systems have found dramatically 

variable bonding qualities between tested materials (van Dijken, 2000) and 

substrate (Heymann et al., 1988, Prati et al., 1999). Bonding to ageing teeth had 

the greatest incidence of retention failure when two dentine bonding systems 

where tested in conjunction with various materials to restore Class V cervical 

lesions (Heymann et al., 1988). Similarly, difficulty in bonding to old sclerotic 

dentine was reported earlier by (Lambrechts, 1987). This could be attributed to 

ageing dentinal changes that can result in a substrate less receptive to dentinal 

bonding (Heymann et al., 1988). Prati et al. (1999) evaluated the morphology of 

the resin tags and the resin infiltrated dentin layer (RIDL) of several bonding 

systems in young, old and sclerotic dentin. Sclerotic and old dentin showed 

thinner RIDL, with short resin tags, and fewer lateral branches than normal dentin. 

Similar results were observed in a more recent study by Lopes (2011), where 

resin tags in young dentin were larger and more numerous than old dentine. Also, 

the hybrid layer formed in intertubular old dentin was very thin. Given that the 

dentine- adhesive bond varies among different condition and it deteriorates with 

time, reliance purely on adhesion may not be ideal and investment in studying 

remaining tooth structure is still considered important to long-term outcomes. 
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      Two restoration designs were tested to study the effect of bonding direct 

restorations to compromised tooth structure. The first stage (core1) included a 

composite core restoration up to the level of the remaining wall of each sample. 

While, the second stage (core2) included an added build-up mimicking the effect 

of cuspal coverage on top of the prepared walls to achieve a total height of 6mm. 

The original cervico-occlusal height, buccolingual and mesiodistal width 

dimensions of a sound premolar crown are cited as 8.5mm, 9mm, 7mm, 

respectively (Fehrenbach and Popowics, 2015). Samples were not restored to the 

original dimensions as only the height of the crown and not the width was restored. 

During sample preparation the total axial thickness was reduced by 1-1.5 mm at 

each wall (total of 2-3 mm; mean of 2.5 mm, from each dimension) leaving a width 

of 6.5mm buccolingually and 4.5mm mesiodistally. This axial reduction (2.5 mm) 

was also accounted for in calculating the total crown height. The height had to be 

modified to be 6mm (8.5 mm - 2.5 mm= 6 mm), to end up with a comparable 

height to width ratio to a sound premolar. 

      The results show a decrease in strain with addition of restorations. The lower 

strain recorded by both core1 and core2 than the prepared group at all 

dimensions, of both tooth composition groups highlights the advantage of 

restoration. Cuspal coverage (core2) showed significantly lower strain than the 

prepared group in almost all dimensions. Additionally; although insignificant, the 

strain recorded with core1 was always lower than the prepared group. Moreover, 

core2 always recorded lower strain than core1, but again the values were not 

statistically significant. This agrees with the findings of (Çötert et al., 2001, Dalpino 

et al., 2002, Sagsen and Aslan, 2006, Seow et al., 2015) that adhesive systems 
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had shown the ability to strengthen the restored tooth units. Also, bonding 

intracoronal restorations was suggested to offer cusp splinting and decrease 

cuspal flexure, thus strengthening the remaining tooth unit (De Souza et al., 2002, 

Seow et al., 2015). This was considered particularly important when restoring 

endodontically treated and extensively compromised posterior teeth (Eakle et al., 

1986). However, it should be always borne in mind the unknown length of time 

that this bond may last. Dentin adhesion is designed to remain in place for 

decades. However; as a result of hydrolytic breakdown, proteases, decay or 

fracture, the adhesive interface degrades and fails, and various deterioration 

times have been reported (Sano, 2006, Opdam et al., 2010, Spencer et al., 2010, 

Montagner et al., 2018). 

      Results of restorative stages also emphasize the advantage of cuspal 

coverage in strengthening the remaining tooth structure. Cuspal coverage 

restorations have been shown to be superior to intracoronal inlay restorations in 

terms of protection of the remaining structure against the effect of functional 

loading and in improvement of the overall success rate of posterior teeth clinically 

(Sorensen and Martinoff, 1984). In addition, Seow et al. (2015) found that teeth 

restored with cuspal coverage restorations in the form of full ceramic onlays had 

stiffness values equal or greater than that of sound teeth. However, the level of 

stiffness with ceramic inlay restorations in their study was found to be significantly 

lower than unrestored teeth. Results of core1 and core2 in our study showed a 

similar behaviour pattern to inlays and onlays in Sorensen and Martinoff (1984) 

and Seow et al. (2015). Core1 compares to the behaviour of inlays, as recorded 

strain was not significantly lower than the prepared group. While, core2 behaved 
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as an onlay with significantly lower strain than the prepared group. Furthermore, 

the advantages of onlay restorations in terms of cuspal splinting, reducing cuspal 

flexure and strengthening the remaining structure was confirmed by (Brunton et 

al., 1999, De Souza et al., 2002, Seow et al., 2015) and that bonded restorations 

may restore the substantially lost cuspal stiffness after preparation (Reeh et al., 

1989a, Shor et al., 2003, Taha et al., 2011, Seow et al., 2015). 

      The results of core1 and core2 in our study are in agreement with the results 

by Magne and Belser (2003). In their study, both ceramic and composite resin 

inlays and onlays were compared under vertical loading. For both materials, more 

favourable stress pattern was observed with onlays where the majority of the 

stresses were compressive, while tensile stresses were the majority for inlays, 

given rounded line angles were provided. The low elastic modulus of composite 

resin allowed more strain transfer to the underlying tooth structure when 

compared to ceramics (Magne et al., 1999, Magne and Belser, 2003). 

      In conclusion, this is an in vitro study so it cannot replicate the clinical situation 

although it was designed to replicate the clinical environment as closely as 

possible. The preservation of a remaining minimum tooth height of 3 mm and a 

width of 1-1.5 mm produced lower strain upon loading than 2mm tooth height with 

the same cusp width. However, 1.5 mm width performed better than 1 mm. 

Although H:W dimension 3:1 mm performed better than 2:1 mm, the strain 

reduced further with an increased width (3:1.5 mm). Remaining tooth structure, 

comprised of both enamel and dentine, resisted strain under load better than 

dentine only counterparts at all test dimensions when evaluated with strain 

gauges. The results obtained with strain gauges and DIC showed similar trends. 
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DIC is a relatively simple optical methodology that allows measurement of strain 

and displacement without the need for physical attachment to the object. Although 

no restoration was able to restore strain levels to control, cuspal coverage 

restoration appears to be more effective than intracoronal restoration in 

supporting the remaining tooth structure. 
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General Conclusions 

 

5 General Conclusions 

      Erosion development methodology experiments confirmed that enamel with 

different surface preparations, all salivary conditions, and immersion protocols 

produced lesions with comparable thickness loss. So, either erosion protocol; of 

sound or polished enamel with any saliva condition (no saliva, artificial saliva, and 

natural saliva) at any erosion rate (accelerated, and prolonged), were suitable for 

application to generate different lesions simulating clinical erosion. However, 

some experiments used polished samples as it was necessary for some 

experimental tools to have a flat surface for reference. While, sound surfaces 

were tested in other experiments mimicking extensive oral erosion conditions. In 

addition, subsurface erosion experiments verified lesion morphology of different 

immersion protocols (early, accelerated and prolonged) to be comparable in 

lesion extension. Therefore, for testing convenience and to produce extensive 

erosion lesions mimicking clinical lesions created over years of heavy soft drink 

consumption, the accelerated erosion protocol with no saliva was chosen. Lesions 

with extensions mimicking different clinical erosion stages were selected for 

testing at 0, 1, 7, 10, and 14 days of continuous erosion. 

      Strain testing under static vertical loading within the physiological limit for 

human teeth was carried out on tooth samples with different created levels of 

structural loss (by acid erosion or tooth preparation). Erosion samples were 

prepared with different levels of occlusal or buccal soft drink erosion lesions in 

mandibular molar teeth followed by restorations to full form using onlays. While, 
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samples with different levels of prepared tooth wall dimensions were created by 

handpiece preparation mimicking different levels of compromised tooth structure 

after caries, followed by different composite resin core restorations. Occlusal 

erosion lesions recorded slightly increased strain readings at the initial enamel 

loss stage followed by gradual decrease through-out the stages. While, buccal 

erosion lesions recorded continuous increase in the recorded strain readings 

through-out all stages to reach its highest at the deepest lesion. Restoration of 

occlusally eroded molars restored strain levels close to the pre-treatment level 

with all restorative materials used. However, IPS ceramic and gold onlays resulted 

in a better strain distribution pattern and conveyed less stresses to the underlying 

tooth structure unlike composite resin onlays. While, Composite resin was the 

only restorative material applied for buccally created lesions and was able to 

restore strain level to pre-treatment condition. FEA and ESPI were applied to test 

occlusal erosion samples and their results were comparable to strain gauges. 

However, ESPI showed increased sensitivity to vibration which complicated the 

testing process. 

      Strain recorded by different remaining wall dimensions showed that walls with   

the minimum height of 3mm and width of 1.5mm recorded lower strain levels than 

smaller dimensions and were not significantly different than bigger dimensions. 

The same remaining tooth dimensions showed significant reduction in strain when 

samples were restored with a core only or a core with cuspal coverage 

restorations. Remaining tooth structure with both enamel and dentine 

compositions resisted strain under loading better than dentine only counterparts. 

Both strain gauges and DIC were applied for theses samples and generated 
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comparable results. Therefore, strain gauges may still be considered the gold 

standard for localized strain measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



239 

 

Summary 

 

6 Summary 

      There is a relative paucity of literature relating to guidelines for assessing and 

managing badly broken down teeth. This body of work is set out to determine the 

effect of remaining coronal tooth dimensions on internal stain of teeth and the 

most suitable restorative material to select. Strain under loading was measured 

in teeth with different dimensions and restoration designs. The conditions that 

foster reduced strain particularly if strain was restored to levels close to the pre-

treatment condition. 

      Preservation of remaining tooth dimensions with the minimum height of 3mm 

and width of 1.5mm recorded lower strain levels than smaller dimensions under 

gradual occlusal loading within the physiological load limit that exists during 

function. The same remaining tooth dimensions showed significant reduction in 

strain when samples were restored with a core only or a core with cuspal coverage 

restorations. Remaining tooth structure with both enamel and dentine 

compositions resisted strain under loading better than dentine only counterparts. 

Correlating strain gauge findings with an alternative technique (digital image 

correlation substantiated results and supported the use of the innovative 

technique. These showed similar behavior of remaining tooth structure 

dimensions albeit small changes with altered tooth structure composition when 

loaded. This is most likely attributed to the strengthening effect of enamel on the 

remaining structure albeit its minimal thickness. 
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      Soft drink erosion experiments to measure enamel surface/subsurface 

changes and surface loss were carried out under different immersion protocols; 

(early, prolonged, and accelerated) and media (no saliva, artificial saliva, and 

natural saliva), to develop the most appropriate protocol for generation of different 

levels of external erosion-like lesions (lower molar occlusal or buccal surface). 

Different experimental techniques were applied and verified (scanning electron 

microscopy, confocal microscopy, laser profilometry, optical coherence 

tomography, and light microscopy). All tested protocols showed comparable 

results. Thus, the accelerated erosion protocol with no saliva was selected. 

Erosion periods of (1, 7, 10, and 14 days) of continuous acid immersion were 

selected to represent four clinical stages of acid erosion lesions (initial enamel 

erosion, 1/3rd enamel thickness loss, 2/3 enamel thickness loss, and total enamel 

loss). Under loading, strain levels in occlusally eroded molars slightly increased 

at the initial enamel loss level followed by gradual decrease through-out the 

stages. Correlating strain gauge findings with alternative techniques (electronic 

speckle pattern interferometry and finite element analysis) supported the strain 

gauge results. Restoration of occlusal lesions with onlays of different materials 

restored strain close to the pretreatment level and showed comparable results. 

However, favorable strain distribution patterns were observed by FEA with 

ceramic and gold onlays compared to composite onlays. On the other hand, teeth 

with buccal erosion lesions behaved differently under loading, where strain 

gradually increased at the 1st and second stages of erosion followed by a 

significant increase at the 3rd and fourth stages. However, restoration of buccal 

lesions with composite restoration restored strain close to the pretreatment level. 
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      Clinical management of tooth surface demineralisation should focus first on 

early detection and prevention, such as remineralisation, before a restorative 

approach is applied. Restoration of buccally eroded lesions is essential even at 

an early stage to prevent excessive stress concentration in teeth under loading. 

(ISO/TR14569-1, 2007) 

(ISO5436-1, 2000) 
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Clinical Significance 

7 Clinical Significance 

      Deformation of teeth under occlusal loading is particularly important to the 

broken-down tooth. Under loading, stresses concentrate within the remaining 

tooth structure. Increased loss of tooth structure can affect stress distribution 

within the tooth, increasing the potential of tooth fracture and the risk of restorative 

failure or further loss. 

      Restoration of structurally compromised teeth is essential. Restoration of 

teeth to full form and function using the best restorative material option are key 

factors for the success and longevity of the placed restoration. Equally important 

are the design of the restoration and the role of adhesion in dentistry. 
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Future Work 

8 Future Work 

 Lateral Loading: 

      As testing was done in an axial direction along the long axis of the prepared 

teeth, loading in a lateral direction can represent a more realistic view of both load 

directions present in the oral cavity. 

 The use of cyclic loading and chewing simulator: 

      A chewing simulator can be used to allow the evaluation of dental restorative 

systems under clinically relevant conditions. After placement of different coronal 

restorations, both fracture resistance of the restoration and tooth substructure can 

be evaluated. 

 Comparison of sound and root canal treated teeth: 

      The study was done on premolar and molar teeth without exposing the pulp 

tissue and teeth were considered vital. The same testing protocol should be 

carried out on root canal treated teeth to compare the effect of the lost root 

dentin/medicaments on the strain pattern. 

 The use of different preparation designs: 

      The effect of different remaining tooth structure locations and distribution can 

be tested with the combination of different restorative design and material options 

comparisons. 
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10 APPENDIX- A         

NHS REC Form 11/LO/0939 

Title of project: Biomechanical aspects of enamel and dentine 

 

          Please initial box 

 

I confirm that I have read and understood the information sheet                        

 dated 5/8/11 (version 2) for the above study and have had the 

 opportunity to ask questions. 

 
I confirm that I have had sufficient time to consider whether or not I 
want to be included in the study 
 
 
I understand that my participation is voluntary and that I am free to 
withdraw at any time without giving a reason without my dental 
care & legal rights being affected. 
 

I gift this tooth/teeth for research and understand that it /they may 
be used in future ethically approved research 
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