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Introduction

1 Introduction

Tooth wear is a natural phenomenon and a physiological component of the ageing process. Current
systematic reviews support the assumption that tooth wear is widespread in all age groups. In per-
manent teeth, the average prevalence of tooth wear is between 20% and 45%, affecting approxi-
mately one in three adults worldwide (Bartlett et al. 2013, Schlueter and Luka 2018). A distinction is
made between cervical, occlusal and approximal tooth wear. Occlusal tooth wear occurs mainly due
to abrasion and attrition and is well defined. Incisors become thinner and shorter, cusps are flat-
tened, fissures widen and surface details are lost. The ultrastructure of enamel determines the frac-
ture resistance that maintains the shape and function of teeth and also influences how the form of
a tooth changes as it wears down. Overall, mammal teeth are adapted to withstand significant stress
and wear to remain functional throughout life (Ungar 2015). But the stomatognathic system is highly
adaptable and capable of compensating occlusal tooth wear by continuous eruption throughout life
(Ainamo and Ainamo 1984, Gangler 1986). Approximal wear is caused solely by tribological wear due
to the physiological mobility and friction of the teeth and is compensated by mesial migration of the
dentition, whereby rounded contact points are transformed into flat contact surfaces. In the case of
tooth loss, migration can lead to mesial inclination if the tooth is not occlusally supported by an an-
tagonist. Occlusal and proximal wear are physiological ageing processes. Cervical root wear results
mainly by abrasion and erosion and is less well defined, removing enamel, cementum and dentin,
resulting in typical cervical lesions. Cervical wear is primarily found in humans and very rarely in other
animals, and is therefore considered a pathological phenomenon that is due to oral hygiene and
erosive diets (Gangler et al. 2005). Anthropologists studying archaeological human crania consider
the formation of cervical wear lesions to be a modern clinical phenomenon (Kaidonis 2008).

Brushing too vigorously with abrasive dentifrice is a sig-
nificant cause of the gingival recession and subsequent
cervical abrasion lesions in combination with dentin hy-
persensitivity (Bergstrom and Lavstedt 1979, Heasman et
al. 2015, Demarco et al. 2021). Abrasive cervical lesions

(Fig.1) can occur on all teeth but are most common on
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the buccal sides of incisors, canines and premolars (Addy

et al. 1987).According to recent studies, the overall prev- Figure 1: Cervical abrasion lesion. Buccal side (left)

alence of cervical root wear is 29.0-46.7%, more preva- 4 jgteral cross section (right). Dental structures:
lent in older populations and men (Bartlett et al. 2013, enamel (E), dentin (D), cementum (C), dentino-

Teixeira et al. 2020). An extensive cervical lesion can enamel junction (DEJ), cemento-enamel junction
. . . CEJ). Blue: Th ical region, which is vulnerable
harm the structural integrity and cosmetic appearance of (CE)). Blue: The cervical region, which is vu

to toothbrush abrasion.

the tooth as well as the vitality of the dental pulp.
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If these lesions progress uncontrolled, this can lead to tooth fractures, inflammation and devitalisa-
tion of the pulp, periapical bone infections and, ultimately, tooth loss (Ceruti et al. 2006). Besides
caries and periodontal disease, tooth wear is considered one of the most common factors leading to
clinical problems in the human dentition (Mehta et al. 2020). Improvements in oral hygiene and
treatment options for caries and periodontitis have made it possible to preserve teeth in advanced
age. This makes it increasingly important to focus on the issue of tooth wear (Ganss et al. 2011, Lussi
and Carvalho 2014). In the absence of profound structural damage, treatment of tooth wear is pri-
marily based on correcting cosmetic impairment (Bartlett and O’Toole 2021). Nevertheless, in recent
decades, as many as 2—10% of adolescents have shown severe tooth wear, some of which require
early restorative treatment (Bartlett et al. 2013, Lussi and Carvalho 2014). The consequences of
tooth wear are, besides caries, the main reason for restorations on permanent tooth surfaces (Nas-
cimento et al. 2011). In addition, tooth wear rarely affects a single tooth. Often several sextants or
quadrants are affected simultaneously, which, depending on the severity, may require complex re-
habilitations when indirect restorations are considered, resulting in costly tooth wear treatment
(Bartlett and O'Toole 2019). Therefore, it is recommended to focus on preventing and controlling
the progression of cervical lesions and delaying extensive treatment. There is good evidence that
early diagnosis and appropriate preventive measures can reduce tooth wear and thus obviate the
need for complicated restorative treatment in the future (O’Toole et al. 2018a). Standard preventive
measures include dietary adjustments, careful hygiene practices and adhesive techniques to alleviate
the dentin hypersensitivity (O’Toole et al. 2018b). Nevertheless, various methods, such as profilom-
etry or 3D confocal laser microscopy, have been proposed to search for objective systems to inves-
tigate tooth wear. However, no standard method for early detection of tooth wear has yet been
established. Due to different study designs, variable sample sizes, different clinical indices and differ-
ent diagnostic tools used to quantify tooth wear of different aetiology, there are notable differences
in the prevalence data collected (Schlueter and Luka 2018). Among many different clinical evaluation
indices, the Smith and Knight tooth wear index from Smith and Knight (1984) and the Basic Erosive
Wear Examination (BEWE) index has been most widely established in recent years, with the latter
being easier for dentists to implement due to its simplicity and comparability (Bardsley 2008, Bartlett
etal. 2008, 2011). However, the BEWE index does not record dentin exposure in detail and does not
allow an objective classification of the tooth wear (Olley et al. 2014). Moreover, the terms and defi-
nitions applied also considerably influence the prevalence data. With terms such as “root defect”,
“abrasion” or “abfraction”, the prevalence tends to be underestimated by investigators compared
to when the more general term “non-carious cervical lesion” is applied (Teixeira et al. 2020). Cervical

tooth wear is progressive, so a lifelong approach to monitoring and prevention should be taken.
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2 Aim of Study

This study aims to gain insight into the alterations in the morphological characteristics of cervical
wear lesions of human teeth after a clinically validated, robot-assisted, three-year simulated tooth-
brushing programme in an artificial oral cavity. To investigate the influence of tooth age on wear, 14
teeth from three different age groups (juvenile, young adults and middle-aged adults) will be posi-
tioned within an anatomical dental arch. The study aims to distinguish between harmful and benefi-

cial effects of toothbrushing on oral health.

The present study had three objectives:

1. Characterising abrasion patterns of early toothbrushing lesions by scanning electron micros-

copy summarised in a catalogue of criteria for evaluating tooth wear.

2. Quantitative analysis of volume loss due to toothbrushing using scanning electron microscopy

equipped with a 4Q-BSE detector and a 3D point clouds processing software.

3. Analysis of changing abrasion patterns on natural teeth due to three-year robot simulated

toothbrushing.

It is hypothesised that both the morphological abrasion patterns and the extent of volume loss could

vary depending on the age of the teeth.

Finally, a catalogue of pathobiological abrasion patterns and the coding of changes over time due to
tooth brushing can contribute to a deeper understanding of cervical wear as a basis for further re-
search. The importance of early detection and diagnosis of wear characteristics for initiating appro-

priate preventive measures cannot be overestimated.

This research aims to achieve a clinically significant objective by formulating a methodology that can
assess dental care products for their ability to both preserve tooth structure and deliver effective
plague control, thereby ensuring optimal dental health for consumers. Within this framework, the
primary working hypothesis to be explored in the advancement of the new methodology posits that
utilizing a dentifrice and a manual toothbrush equipped with a flexible ball joint brush neck is less

abrasive compared to using a manual toothbrush with a rigid brush neck.
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3 Scientific Background

3.1 Mechanisms of tooth wear

In general, tooth wear is the cumulative surface loss of mineralised tooth substance due to physical
or chemical-physical attrition, abrasion and erosion (Eccles 1982). The main mechanisms of tooth
wear are illustrated in Figure 2. A historical review shows that researchers in North America focused

on attrition, while in Europe the priority was the investigation of erosion (Bartlett et al. 1999).

Eresion Attrition Abrasion Stress load

X " = >4

U ‘
(Chemical Wear) (Physical Wear) (Physical Wear) (In Dispute!)

Dental erosion is the Attrition describes the Dental abrasion is the Compressive and tensile
chemical loss of tribological friction loss non-carious physical loss, forces can disrupt the
mineralized tooth of mineralized tooth of mineralized tooth crystalline structure of
structure triggered by substance that results substance caused by the thin enamel through

exposure to acids that from tooth-to-tooth grinding with objects cyclic fatigue, leading to
do not originate from contact. other than tooth contact. cracking, chipping, and

oral bacteria. . fracturing.

Combined /Multifactorial 4

Figure 2: Three main mechanisms cause tooth wear: erosion, attrition and abrasion. The influence of occlusal loading on

cervical wear is controversial.

3.1.1 Abrasion

The term abrasion is derived from the Latin verb “abradere”. It describes the loss of mineralised
tooth substance caused by mechanical processes such as grinding or rubbing with objects other than
teeth. Occlusally, the enamel can be abraded by a granular diet, and the extent of occlusal degrada-
tion is influenced by the abrasiveness of the food (Imfeld 1996). Nowadays, foods are predominantly
of tender consistency, so occlusal abrasion due to food intake occurs only to a marginal extent (Gang-
ler et al. 2005). Other forms of dental abrasion can be related to habits such as nail biting, pipe smok-
ing or piercings (Lee et al. 2012). Abrasion from toothbrushing is considered a predominant wear
mechanism in the cervical tooth region (Davis and Winter 1976, Radentz et al. 1976, Litonjua et al.
2004, Dzakovich and Oslak 2008, Heasman et al. 2015). The horizontal brushing technique is consid-
ered harmful to the gum tissue and tooth structure when used forcefully (Mierau et al. 1989, Mierau
1992, Wiegand and Schlueter 2014). Other factors that influence the abrasion process include the
type of toothbrush, stiffness of the bristles, the abrasiveness of dentifrice, and frequency and dura-
tion of brushing (Wiegand et al. 2009, Bizhang et al. 2016, Lippert et al. 2017, Turssi et al. 2019b,
2019a).
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3.1.2 Attrition

Attrition is the tribological loss of mineralised tooth substance due to tooth-to-tooth contact. The
defects appear flat and polished, with the ground facets matching the teeth. Bruxism, in particular,
can lead to excessive occlusal wear and, in the worst case, to tooth fractures and temporomandibular
joint disorders due to the permanent static overload (Roberts and Stocum, 2018). Tooth malocclu-
sions such as head bite, overbite, crossbite and parafunctions can also contribute to a pathological
progression of attrition (Carlsson et al. 2003, Yadav et al. 2020, Kapagiannidou et al. 2021). Also, an
unsupported partial dentition can increase the amount of occlusal wear on the remaining teeth. Dur-
ing life, an average mesial migration of 1 cm was observed due to approximal tooth attrition. Point-

like approximal tooth contacts are transformed into contact surfaces.

3.1.3 Erosion

Erosion is the chemical loss of mineralised tooth structure caused by exposure to acids that do not
originate from oral bacteria. According to studies, 46% of teenagers (McGuire et al. 2009) and 80%
of adults (Okunseri et al. 2015) are affected by erosive tooth wear. A distinction is made between
extrinsic and intrinsic acid load (Eccles 1979, Ganss and Lussi 2014). Extrinsic factors include acidic
foods, especially low pH drinks such as carbonated sodas and wine, citrus fruits or vinegar (Saads
Carvalho and Lussi 2020, Hartz et al. 2021). Tooth enamel consists of more than 90% hydroxyapatite.
It is therefore very susceptible to demineralisation as soon as the pH value in the oral cavity falls
below 5.5 (Moazzez et al. 2000). In several studies, the main focus of research into erosive tooth
wear has been the excessive consumption of acidic drinks, particularly by children and adolescents
(Kreulen et al. 2010, Saads Carvalho and Lussi 2020). Nevertheless, the erosive potential of an acidic
beverage depends not only on its pH but also on its mineral content, buffering capacity and calcium-
chelating properties. Evidence shows that additional milk and yoghurt consumption is associated
with a lower prevalence of erosive tooth wear (Salas et al. 2015). In addition, the combination of
wine and cheese has proven to be a smart social strategy, as the cheese buffers the acidity of the
wine while providing calcium and phosphate ions to the enamel for remineralisation (Larsen and
Nyvad 1999). Intrinsic factors include the influence of acids due to reflux diseases, bulimia or xero-
stomia (Bartlett 2006). In particular, gastro-oesophageal reflux disease and hyposalivation, disease-
related or caused by medication, are considered clear risk indicators for severe erosive tooth wear
(Bartlett et al. 1996, Carvalho et al. 2016b) . Acids demineralise the outer enamel, and an irregular
structure is created, comparable to the honeycomb etching pattern in adhesive dentistry (Ganss and
Lussi 2014, Bartlett and O’Toole 2021). The demineralised zone can extend up to 100 um into the
tooth structure and can deteriorate the mechanical properties of enamel and dentin, increasing the
tooth’s susceptibility to abrasion by the toothbrush (Zentner and Duschner 1996). It has been shown
that even delaying toothbrushing two hours after a meal does not protect against enamel erosion

(Ganss et al. 2007a). Consequently, it is more critical to change harmful toothbrushing habits to
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prevent tooth erosion than to encourage patients to wait to brush
their teeth. In contrast, fluoride application during toothbrushing pos-

itively affects remineralisation and caries prevention (Bartlett et al.

2013). In an optimal mineralised environment, either through fluoride g
P

or calcium replacement, especially with viscous fluoride gels, the in-
Figure 3: Tooth with typical

tegrity of the enamel surface can be recovered (Parker et al. 2014, -
features of occlusal erosion:
O’Toole et al. 2015, Amaechi et al. 2020). Without prevention, the 10Ss  occiusal structures have been

of the surface gradually leads to visible tooth wear (Fig. 3). flattened, cusps rounded and

cusp slopes hollowed out.

3.1.4 “Abfraction” — disputed

“Abfraction” is a theoretical concept that assumes that occlusal load causes stress and tensions in
the tooth structure, resulting in micro-infractions in the cervical area, predisposing this area to ero-
sion and abrasion (Lee and Eakle 1984). Coy (1982) suggested bruxism as the main cause of the char-
acteristic wedge-shaped lesions at the cervical tooth region. The term “abfraction” was finally de-
fined by Grippo (1991), referring to “breaking away”. As early as the 1970s, studies using finite ele-
ment analysis (FEA) showed that, under model assumptions, stresses are concentrated in the cervical
region of the teeth, especially under non-axial loading (Yettram et al. 1976). But one criticism is that
most FEA studies use two-dimensional models, although three-dimensional models would be more
suitable for measuring torsional strains. FEA studies also show equal loading on the tooth’s buccal
and lingual side, contrary to clinical findings, as cervical lesions occur far more frequently on the
buccal side (Bhundia et al. 2019). Present studies have frequently observed the occurrence of cervi-
cal lesions in association with occlusal wear, but the correlation could neither be confirmed nor re-
jected (Takehara et al. 2008, Silva et al. 2013). However, patients affected by bruxism and cervical
lesions were also found to report excessive toothbrushing behaviour (Bader et al. 1996, Jiang et al.
2011). Anthropological researchers also questioned the role of occlusal forces, as no cervical lesions
were found in cranial findings despite severe occlusal wear (Aubry et al. 2003, Kaidonis 2008, Urzua
et al. 2015). Therefore, the ORCA Consensus Report 2020 did not include the term “abfraction” as a

separate tooth wear mechanism (Schlueter et al. 2020).

3.1.5 Cervical wear

Due to growing life expectancy and success in caries prevention, non-carious cervical lesions are in-
creasingly becoming a major dental problem affecting up to two thirds of the population (Teixeira et
al. 2020). Cervical wear is characterised by the loss of tooth structure due to wear near the cemento-
enamel junction, where all three hard tooth substances — dentin, cementum and enamel — intersect.
The thin cervical enamel layer is formed by ameloblasts, which no longer have a Tomes process in

this final phase of enamel formation (Thompson 2020). In consequence, this thin enamel layer is less



Scientific Background

structured, has a lower mineral and higher protein content, and has a low density of Hunter-Schreger
bands (Lynch et al. 2010). Furthermore, the cementum represents a relatively weak junction with
the enamel, while it forms a relatively strong and hygroscopic bond with the root dentin. The average
cervical cementum thickness is only about 2040 um. Therefore, exposed cementum is particularly
susceptible to wear processes due to toothbrush abrasion and erosion (Jaeggi and Lussi 1999). Meta-
analyses have shown the association between cervical wear and frequency, toothbrushing technique
and toothbrush stiffness (Heasman et al. 2015). Only 2% of these lesions are found on lingual or
palatal surface (Sangnes and Gjermo 1976). This is consistent with the fact that the inner surfaces
are neglected by the majority of participants from video observation studies during toothbrushing
(Schlueter et al. 2018). When severe, cervical wear lesions affect the cosmetic and function of the

stomatognathic system and can be associated with dentin hyper- — -

sensitivity (Bartlett et al. 2013).Cervical wear lesions are often

wedge-shaped with an inward peak or saucer-shaped (Fig. 4)
(Hur et al. 2011, Worawongvasu 2021). Finally, there is evidence

that cervical tooth wear is mainly caused by a combination of L‘

physical (abrasive) and chemical (erosive) factors (Bhundia et al.  Figure 4: Saucer-shaped cervical wear

2019, Schlueter et al. 2020). Therefore, possible preventive lesions on two maxillary premolars. The

. . . . . individual suffers from reflux and for-
measures include a change in diet, a change in toothbrushing ifers S J
merly exhibited a vigorous horizontal

technique, and especially control of the pressure and frequency brushing technique. The patient also

of toothbrushing (Bader et al. 1993). complains of dentin hypersensitivity.

3.2 Age-related changes in microstructure

In order to assess the structural changes of the tooth surface, a deeper understanding of the dental
microstructure is required. The general percentage of inorganic components in hard tooth tissue
ranges from cementum (50%), bone (60%), dentin (70%) and enamel (95%) (Steiniger et al. 2010).

3.2.1 Structure of human enamel

Microstructurally, tooth enamel consists of bundles of hundreds of parallel hydroxyapatite crystals
arranged in long cylinders called prisms or rods, which account for 95% of the weight and 87% of the
volume and are arranged in identical manner in all primates (Lee et al. 2010). The inorganic compo-
nents of enamel are mainly composed of calcium (Ca2+), phosphate (PO43-), hydroxide (OH), fluo-
ride (F-), carbonate (CO32-) and sodium (Na+) ions (Shellis et al. 2014). Enamel is designed to with-
stand mechanical stresses, temperature differences, intermittent corrosive chemical environments
and chewing (Lacruz et al. 2017). The layer of enamel is on average 1.6—1.7 mm thick, with a maxi-
mum thickness of 2.3—3.5 mm in the occlusal cusp area, while the enamel layer in the cervical area
is only 0.1-0.01 mm thin (Kunin et al. 2015). The organic components and the water content of 4-5

wt. % act as a bonding agent between hydroxyapatite crystals and enable prisms to slide under the
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load (He and Swain 2007). The hardness at the matured enamel surface of H > 6 GPa and E > 115
GPa and the bio-nanocomposite structure provide high resistance to material fatigue and wear (Cuy
et al. 2002, Thompson 2020). The denser packing and parallel alignment of the crystals in the outer
enamel further increases the wear resistance at the tooth surface (He and Swain 2009). Conferring
to Elhennawy et al. (2017), a reduction in the volume concentration of hydroxyapatite by 1% causes
a decrease in the elastic modulus by 3 GPa. Therefore, the hardness of the enamel decreases with
reduced mineralisation towards the dentin-enamel junction to about H < 3 GPa and E < 70 GPa (An
et al. 2012). The overall enamel mineral content, which varies greatly from person to person, can

thus be used as a predictor of the wear and caries resistance (Akkus et al. 2017).

3.2.2 Phases of amelogenesis
The formation of tooth enamel rods can be divided into five different phases:

1. Secretion of an organic matrix: Ameloblasts are arranged in a tight, overlapping row in the inner
enamel epithelium. During differentiation, the Tomes process is formed at the proximal end of ame-
loblasts, which produces specific proteins, mainly amelogenin (80%), ameloblastin (10%) and enam-
elin (10%) (Habelitz and Bai 2021). Without proteins secreting calcium phosphate compounds, the
mineralisation process fails and no enamel layer can be formed (Hu et al. 2008). 2. Crystal formation:
Enamel apatite bands are oriented perpendicular to the mineralisation front and formed by the mi-
gration of ameloblasts from the dentin-enamel junction to the surface (Ronnholm 1962, Daculsi et
al. 1984). Enamel formation progresses at a rate of about 4 um per day (Dean 1998). With enamel
maturation, the nano crystallites reach a cross-section of 26 x 68 nm (Meckel et al. 1965) and a
length of up to 1 um (Wang et al. 2008). Enamel rods resulting from prismatic bundles consist of
about 40,000 crystallites and are surrounded by a protein-rich shell (Kerebel et al. 1979).

3. Regulation of crystal growth: Enamel rods typi-
cally form a keyhole-like structure in which prisms
can be divided into a head and a tail region by their
different orientation. Four ameloblasts are involved
in the formation of a keyhole-interlocked enamel
prism (Fig. 5). The head is secreted by the Tomes

process of an ameloblast and separated by the inter-

prismatic substance that guides the mineralisation of

each prism and forms the tail of the keyhole (Meckel Figure 5: Concept of the keyhole-like microstructure of

. . . human enamel rods by Meckel et al. (1965). In the section
et al. 1965). By etching the enamel, a prismatic head y Meckel et al. (1965) :
a “keyhole” configuration of prisms with an arcade-

can be removed from the surface creating a charac- shaped head (prism rod) and cervical tail (interprismatic

teristic honeycombed appearance (Meurman and enamel) can be seen. Original plaster and resin models

Frank 1991). The periodic growth phases of enamel courtesy of Alfred Meckel.

can be
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recognised structurally as prismatic transverse Retzius stripes, which occur at intervals of about 7-8
days during human amelogenesis and mark the periodic resting phase between the secretory phases
of the ameloblasts. The Retzius stripes reach the lateral tooth surfaces at an acute angle and bulge
out there as perikymata (kyma (kUua), Greek — wave). Perikymata form circular bands around the
tooth crown and are a characteristic feature of juvenile teeth that are worn down with age (Osborn
1973). Enamel tufts originate in the inner enamel at the junction of the dentin. These are areas high
in an organic matrix and therefore hypomineralised. Some enamel tufts run through the enamel to
the surface and are then called enamel lamellae (Weatherell et al. 1968). Hunter-Schreger striations
are an optical phenomenon caused by the alternating alignment of prism rods and can be seen as
light and dark stripes in longitudinal and transverse sections. 4. Degradation of the organic matrix:
To complete the mineralisation process, mature ameloblasts transform into reduced ameloblasts in
order to remove both degraded matrix proteins and water (Simmer et al. 2010) . The crystals expand
into the new space, become larger and interlock with each other (Smith 1998). At the beginning of
amelogenesis and before final apoptosis, the ameloblasts produce a few layers of reduced enamel
epithelium without a Tomes process. Once the enamel has reached its predetermined thickness,
finally a prism-free enamel layer (20—80 um) is formed (Ripa et al. 1966). After tooth eruption, the
last ameloblasts in the cervical area of the tooth are replaced by the junctional epithelium (Smith
1998). 5. Crystal maturation: During post-eruptive maturation, the mineral content and thickness
of the aprismatic structure gradually increase due to progressive surface mineralisation. The initial
maturation phase of permanent teeth in humans lasts about 3 to 6 years (Park et al. 2008). There-
fore, exposed prismatic areas more frequently occur in juvenile teeth (Kunin et al. 2015). The OH-
ions of the hexagonal hydroxyapatite crystals are replaceable by other ions during maturation. Typi-
cal substitutions of hydroxyapatite which differ in the following solubility are: fluor hydroxyapatite <
carbonate hydroxyapatite < magnesium hydroxyapatite (Young 1974). In particular, the incorpora-

tion of fluoride ions reduces the acid solubility of the crystal lattice (Griffin et al. 2007).

3.2.3 Age changes of enamel

Recently erupted teeth are more susceptible to wear, decalcification and caries because crystal mat-
uration is still immature (Thompson 2020). The enamel structure is subject to a constant change in
the demineralisation and remineralisation (Gangler et al. 2005). Prolonged exposure to minerals and
fluoride compacts the crystal structure on the surface to a depth of 1-2 mm (He et al. 2011). At a
physiological rate of wear, the enamel thickness of a 65-year-old has decreased by about a third on
average (Kidd et al. 1984). Mechanical properties of enamel are ultimately determined by its unique

chemical composition and on age and individual characteristics (Cuy et al. 2002).

3.2.4 Properties and ageing of dentin
Dentin is formed by odontoblasts and consists of 70% inorganic and 20% organic material. Minerali-

sation by odontoblasts initially occurs at a rate of ~2.8 um/day and finally slows down to 0.5 um/day
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(Bleicher 2014). The anisotropic orientation of the crystals determines the physical properties of the
dentin (Marten et al. 2010). The reaction possibilities of dentin are complex and represent a combi-
nation of different biological response patterns of odontoblasts (Arnold 2006). During life, odonto-
blasts maintain the ability to respond to external stimuli, such as caries or excessive wear, with sec-
ondary or tertiary dentin accumulation, increasing the hardness of dentin and narrowing the pulp
chamber volume (Carvalho and Lussi 2017). The collagen network is less solid and more susceptible
to mechanical wear. Therefore, the rate of wear accelerates once dentin is exposed (Bartlett and
O'Toole 2021). When dentin is exposed to an erosive attack, the more mineralised peri-tubular den-
tin dissolves first. The resulting widening of the dentinal tubules can increase dentinal hypersensitiv-
ity in sensitive individuals (West et al. 2013, Seong et al. 2018). The accumulation of calcium phos-
phate crystals in dentin tubules gradually induces their sclerosis and increases the dentin’s resistance
to occlusal stress and tooth wear (Maeda 2020). This process usually begins in the third decade of
life and progresses gradually until the lumens are (almost) entirely closed. A disadvantage of a fully
sclerotised dentin is that it cannot be adequately supplied with interstitial fluid, which reduces fa-
tigue and fracture resistance (Nazari et al. 2009). Consequently, dentin of older individuals has a
higher elastic modulus (Xu et al. 2014). The gradual remodelling allows the dentin to partially adopt

the function of the worn-down enamel over time (Arola et al. 2017).

3.2.5 Properties and ageing of root cementum

Cementum is formed by cementoblasts that differentiate from ectomesenchyme cells and is quite
close in properties to bone. The main function of the primary cementum is the biomechanical an-
chorage of the collagen fibres of the periodontium to the alveolar bone (Lehnen et al. 2012). Sec-
ondary cementum is formed when the tooth goes into occlusion. A basic differentiation is made be-
tween cellular and acellular cementum. Acellular Sharpey fibres, formed by fibroblasts, cover the
coronal two-thirds of the root and are oriented perpendicular to the surface and are mainly respon-
sible for anchoring the tooth in the alveolar bone. To accomplish this task they are significantly
thicker than the cellular fibres (Nanci and Ten Cate 2017). Cellular cementum is very similar to bone
and consists of 60% inorganic minerals, but does not contain blood vessels and nerves. It is aligned
parallel to the root surface and is predominantly located at the root apex. The middle third usually
consists of mixed-fibre cementum. A third form described is the acellular-afibrillar cementum, which
is present in 50% of permanent teeth in the cervical area where the marginal epithelium has been
lost (Steiniger et al. 2010). It is considered responsible for the formation of cementum tongues and
cementum isles on the enamel (Lullmann-Rauch 2009). Between the ages of 20 and 60, the thickness
of the cementum ultimately triples due to a continuous accumulation (Gupta et al. 2014). The layer
thickness varies between 50 um and 150 um and increases in the course of ageing, especially in the
apical third. In forensics, the relationship between the coronal shift of the cemento-enamel junction

and the thickness of the cementum in the apical third is used to estimate the age (Raju et al. 2016).
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3.3 Clinical tooth wear indices

Over the years, numerous clinical tooth wear indices have been developed, adapted and modified,
as shown in Table 1 (Bardsley 2008, O’Toole et al. 2018a). The wide range of indices complicates
comparisons between different studies and investigations (Ganss and Lussi 2014). In recent years,
the BEWE index has been established as a simple, validated instrument for basic dental care and has
been used in several studies for wear control (Dixon et al. 2012, Marro et al. 2018). However, there
are some disadvantages associated with clinical indices. For example, visual diagnosis of exposed
dentin is very difficult. According to a study by Ganss et al. (2006), the accuracy of correlating visual
decisions with histological findings was very low. Furthermore, as the conventional approach has
been limited to the detection of wear lesions visible to the naked eye, the visible damage to the tooth
structure may already result in pain and irreversible changes in tooth shape, function and cosmetics.
Therefore, for a long time, clinical evaluation and monitoring of tooth wear was performed only by
visual examination based on subjective indices. However, it has been proven that it is not possible to
visually detect tooth wear at an early stage, particularly in enamel. There is a need for objective
methods for early detection and differentiation of occlusal, proximal and cervical tooth wear in order
to assess the progression and severity of tooth wear based on the different aetiologies and thus

make the right prevention and treatment recommendations (Bartlett 2005, Loomans et al. 2017).

= Table 1. Overview of the most popular clinical tooth wear indices

Index name Description Reference

Eccles index Tooth structure loss is differentiated into three classes of le- | (Eccles 1979)
sions and assigned to the vestibular, oral and occlusal sur-

faces.

Tooth wear index (TWI) Degree of wear damage to the teeth depending on age. (Smith and Knight 1984)
In addition, the aetiology is taken into account (abrasion, | Modified:
erosion, attrition). The index differentiates between enamel | (Millward et al. 1994)

and dentin loss.

Occlusal abrasion index Grade 1 — Grounded facets; Grade 2 — Levelling of cusps; | (Gédngler 1995)
Grade 3 — Exposure of dentin; Grade 4 — Exposure of sec-

ondary dentin; Grade 5 — Pulp exposure.

Lussi index Examines erosion defects on the facial, occlusal and oral sur- | (Lussi 1996)
& Visual Erosion Dental Exami- | faces of tooth. VEDE has been used at the University of Oslo | (Mulic et al. 2010)
nation (VEDE) since 2005. It is a modification of Lussi’s tooth erosion index. | (Margaritis et al. 2011)

Basic erosive wear examination | Considered a simple and standardised index for the clinical | (Bartlett et al. 2008)
(BEWE) evaluation of erosions. For the evaluation, the dentition is
divided into sextants and the vestibular, occlusal and palatal

tooth surfaces are scored.

Exact tooth wear index There are five severity levels for the classification of enamel | (Fares et al. 2009)
wear lesions and six severity levels for the classification of

dentin wear lesions.
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4 Material and Methods

4.1 Experimental design

The robot-simulated three-year toothbrushing cycle was performed for both manual toothbrushes
in the ORMED Laboratory at the University of Witten-Herdecke. Replication of teeth and SEM evalu-
ation were performed at the Centre for Electron Microscopy of University Hospital Jena. The flow

chart (Fig. 6) visualises the work stages and their sequence in the methodology.

Donated human teeth

(Institutional Review board, written consent)
Y

Stratified randomisation
Y

Human tooth model
construction

Human teeth are positioned on pins in two anatomical dental arch
models. Each with: 2 middle-aged incisors,1 canine, 2 juvenile
premolars, 2 young adult molars

. - Replication after three-year
Baseline replication » )
toothbrushing
Teeth are moulded with A-silicone v
and replicated with epoxy resin ) )
Robot simulation of

three year tooth brushing

44 strokes/tooth horizontally, rotating,vertically. 2xd,
toothbrushes Rapid Relief vs. Jubilee with 3.5N

2D SEM - Coding of
morphological features

200x and 400x magnification
of planimetry fields E and B + W

3D SEM

Acquisition of height data pre vs. post
and conversion into paired 3D models

A 4

SEM investigations

A 4

Reshaper 3D programme
( Alignment of the paired meshes per tooth and ]
m g

easurement of the volume loss due to toothbrushin

Figure 6: Experiment flow chart: The robot simulated three-year toothbrushing on 14 extracted human teeth in anatom-
ical position, SEM-coding and 3D-SEM measurement of cervical volume loss after toothbrushing with two types of manual
toothbrushes (flexible ball joint neck versus conventional rigid neck).
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The project followed the principles of good clinical practice and, regarding the collection of dental
donations, the Declaration of Helsinki. The study was submitted to the Ethics Committee of the Uni-
versity of Witten-Herdecke, and a positive vote was given on 3 May 2021. An amendment concerning
extra-clinical video-based survey of toothbrushing strokes per time and toothbrushing habits was
approved on 8 January 2022 (application number: SR-67/2021). The normative framework for the
collection and use of extracted teeth in research and teaching followed Gross et al. (2015).

In addition to verbal information, patients were given written infor-
mation. The tooth had to be extracted due to strict medical indica-
tions, and the donation was anonymous and voluntary. Small col-

lection jars with 0.1% thymol solution were deposited in the dental

collection offices (Fig.7). After a successful collection phase, teeth

were subjected to a professional dental cleaning with an ultrasonic Figure 7. Two tooth collection jars

with juvenile premolars in 0.1% thy-

device and prophylaxis cups. Finally, 1% NaOCI was applied to the

mol solution, which were extracted
cervical tooth area for 5 minutes. Teeth were then carefully for orthodontic reasons. The jars
brushed with a tapered manual toothbrush to remove remaining  were labelled as follows:

tissue remnants of the periodontium, which were in particular at-  Patient age:

tached firmly at the juvenile premolars. The teeth were then rinsed  Extraction reason:

under running water. Large carious defects were prepared and O O O O

filled with bulk-fill composite to stabilise the teeth. PA  Caries Endo Ortho

4.2 Human tooth model

For the validated robot arm to brush the teeth, it is necessary to position them in an anatomical
position in the calibrated dental arch. For this purpose, the roots were cut off. The lower part of the
tooth was hollowed out to approximately 0.5 mm. The teeth were attached to pins with UNIFAST I/
(GC Corporation, Tokyo, Japan). A silicone wall was used to check the correct position of the teeth in

the dental arch (Fig. 8). The ' - ‘—m s

teeth were stored and

moulded outside  the
model and reinserted for

the subsequent tooth-

. ...  Figure 8: The tooth holder by KaVo is designed to simulate the physiological situation
brushing cycles. KaVo artifi-
of a dentition (eugnathia) including the bony contour of the jaw. It has specially manu-

cial teeth were used for the factured notches into which plastic teeth can be clicked. The silicone wall was used to

3rd molar and the canine in  ensure the position of the real teeth in the dental arch. Human teeth were polymerised
terminal position. on plastic pins and could thus be easily removed and repositioned from the model.

Each model included two incisors and one canine of middle-aged patients from 40 to 65 years of age
that had to be extracted for periodontal reasons. These teeth have matured enamel and hypermin-

eralised root dentin with 60—70% occluded tubules. Two juvenile premolars of 10-15-year-old
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patients with presumably immature enamel were extracted for orthodontic reasons. The root ce-
mentum is thinly formed, and the dentin may show open tubules without peri- and intratubular min-
eralisation. In addition, two molars of young adults aged 18 to 35 years that had to be extracted for
carious or surgical reasons were included. It can be assumed that these teeth have both aprismatic
and prismatic enamel and hypermineralised root dentin with cementum residues. To enhance com-
parability, tooth pairs from a single patient (same age) were placed in separate models.

= Final composition of human tooth model A (Fig. 9):

Incisors and canines of patients aged 40-65 years.

Extracted for periodontitis reasons.
Age of patients:

Incisor 41: 55 yrs Two anterior teeth

Incisor 42: 40 yrs served as reserve.
Canine 43: 58 yrs

Two premolars of Two molars of

patients aged 10-15 years. patients aged 18-35 years.

Extracted for Extracted for caries /

orthodontic reasons. endodontic reasons.

Age of patients: Age of patients: Figure 9: Human tooth model A — nine human teeth
Premolar 44: 14 yrs Molar 46: 36 yrs of different ages were aligned in anatomical position
Premolar 45: 13 yrs Molar 47: 19 yrs to be brushed with the Rapid Relief toothbrush.

= Final composition of human tooth model B (Fig. 10):

Incisors and canines of patients aged 40-65 years.
Extracted for periodontitis reasons.

Age of patients:

Incisor 41: 40 yrs Two anterior teeth

Incisor 42: 61 yrs served as reserve.
Canine 43: 58 yrs

Two premolars of Two molars of

patients aged 10-15 years. patients aged 18-35 years.

Extracted for Extracted for caries /

orthodontic reasons. endodontic reasons.

Age of patients: Age of patients: Figure 10: Human tooth model B — nine human
Premolar 44: 14 yrs Molar 46: 31 yrs teeth of different ages were aligned in anatomical
Premolar 45: 13 yrs Molar 47: 19 yrs position to be brushed with the Jubilee toothbrush.

The trial set-up with intact human teeth was rarely chosen because most classical evaluation tech-
niques require flattening and polishing of tooth specimens. A major advantage of this approach is
the ability to investigate the impact of toothbrushing on unprocessed enamel, dentin and cementum

simultaneously in a clinically relevant scenario.
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4.3 Video observation

An additional video observation study was organised to determine the average number of tooth-
brushing strokes per time and toothbrushing techniques of 50 volunteers. Subjects were recruited
through social media. Interested participants received verbal and written information about the pro-
cedure and the purpose of the study. During the initial contact, a consent form was sent, and the
inclusion and exclusion criteria were

L = Table 2: Inclusion and exclusion criteria
requested (Table 2). Participation was

. Inclusion criteria were: Exclusion criteria were:
voluntary and could be withdrawn

- Signed declaration of consent | - Fixed orthodontic appliances

without giving reasons. The brushing - Age > 18 years old, European | - Mental or physical disabilities that

speed and technique observed in the - More than 20 teeth could affect the performance of
video were pseudonymised (by Art. 4 - Avideo recording device oral hygiene
No. 5 DS-GVO) and included in the - A manual toothbrush - Removable dentures

study by an encryption code (Table 3).

= Table 3: Inclusion of subjects by an encryption code

Subjects | Coding Brushing speed Brushing technique Question- led%
(Double strokes/second) (horizontal/rotating/vertical) naire:
(ves/no)
01. EEd5gdat 3.6 Hz rotating yes 2

The videos were edited so that only the mouth area could be seen, and after the study was com-
pleted, the videos were deleted. All subjects were instructed to brush their teeth with a manual
toothbrush with dentifrice and videotape the procedure. Brushing should last for at least 30 seconds
and should be done in front of a mirror for self-monitoring. Subjects were instructed to start with the
buccal surfaces of the mandibular teeth on the right side, as the robot was programmed and validated
for this region. Recorded videos were edited with iMovie, and brush strokes were counted at 25%
slow mode speed. A video segment was selected in which brushing was continuous for at least 10
seconds, and strokes performed during that period were counted. The unit of measurement (hertz)
is the Sl unit for frequency and indicates the number of oscillations per second or also applies to the
number of arbitrarily repeating processes per second. “Double stroke” means that a back-and-forth
or circular movement is counted as one stroke (1 Hz). A total of 50 subjects (32 female and 18 male)

aged 19-68 participated in the video observation study. The results are summarised in Table 4.

= Table 4: Results of the video evaluation

20x rotating (40%) > 14x horizontal (29%) > 5x vertical (10%) & 11x mixed (22%)

Brushing techniques: . ] . . )
Without mixed: 20x rotating (51%) > 14x horizontal (36%) > 5x vertical (13%)

Brushing Rotating: 4.2 Hz
Average brushing stroke frequency: 4.2 Hz

stroke frequency: Horizontal: 4.5Hz

Vertical: 3.5Hz
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Schlueter et al. (2010) cited a sample size of 30 subjects as sufficient to capture typical oral hygiene
habits. The data collected on the number of brush strokes mainly reflects the brushing behaviour of
buccal surfaces. The registration of the average number of brush strokes per second was necessary
for the extrapolation of the in vitro brush strokes performed by the robot to the clinical situation.
This resulted in the following calculation:

Total number of robot strokes _ 44 strokes x (2 x 30 days) x 36 months __ 95,040

¢ Human strokes per day  ~ 2x 42 strokes = 84 =1,131 days =3.09 years
and buccal tooth surface

The robot performed 44 brushing strokes per tooth in one single brushing cycle, resulting in 31,680
brushing strokes per year and a total of 95,040 brushing strokes in the simulated three-year trial.
(44 strokes per buccal tooth side per cycle result to 88 strokes/daily and results to following rounded
strokes: ~600 strokes/week; ~2.600 strokes/month; ~7.800 strokes/12weeks; ~31.600 strokes/year;
95.000 strokes/three-years.)

4.4 Robot simulation

In vitro methods on human teeth have the advantage that they can shorten the investigation period.

Furthermore, they offer the possibility to control all relevant aspects of toothbrushing.

4.4.1 Six-axis robot arm

The validated six-axis robot (FSO2N, Kawasaki, Akashi,
Hyogo, Japan) has a maximum movement speed of
3.8 mm/s. Its accuracy was specified as +/- 0.03 mm
(Fig. 11). The robot was designed to simulate the
toothbrushing movements of humans. For this pur-
pose, parameters such as brushing force, brushing
technique and brushing time were taken from clinical
studies. Various holders of toothbrushes were availa-
ble for the robot arm, depending on whether an ex-

amination was carried out with a manual toothbrush

or an electric toothbrush. A touch panel was used to

control the six-axis robot arm. A combined pro- Figure 11: The validated six-axis robot (FSO2N, Kawa-
gramme was selected in which three brushing tech- saki, Akashi, Hyogo, Japan) is holding the manual tooth-
niques (horizontal, rotating, vertical) were alternately Prush “Jubilee Soft” with rigid neck and a flat trim.

applied to the buccal surfaces of teeth. The parameters were documented in detail to ensure repro-
ducibility, and a standard operating procedure was established for each step. The robot-assisted
method enabled the relevant parameters of toothbrushing to be standardised. A list of critical pa-

rameters was based on recommendations of Parry et al. (2008) for good in vitro assessment in dental
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abrasion studies (Table 5). These include the composition and abrasiveness of dentifrice, configura-
tion and filament stiffness of the toothbrush (soft, medium, firm) and behavioural aspects, i.e., brush-
ing technique, brushing force applied, brushing strokes per time and frequency of brushing. Individ-
ual differences in oral hygiene habits, as well as differences in the arrangement of teeth or composi-
tion of the saliva, could thus be excluded. Furthermore, by using an artificial oral cavity for wet brush-
ing with dentifrice in combination with the standardised robot movements and brush force applica-
tion, an optimised clinical simulation was ensured. A further advantage is the simultaneous exami-
nation of enamel, dentin and cementum on teeth in anatomical position. In addition to morphologi-
cal characterisation, abrasion at the cervical area of the tooth was investigated by three years of

robot-simulated toothbrushing with two different manual toothbrushes. This approach provided ac-

curate reproducibility under clinical conditions.

= Table 5: Robot parameters and combined artificial oral cavity

1. Controlled brushing force 35N
2. Defined brushing time 65 h per real human tooth model
3. Toothbrushing technique 2 x horizontal brushing (hb), 1 x rotating brushing
(rb), 1 x vertical brushing (vb)
4. Controlled speed of brushing movement 2.6 Hz (hb); 1.7 Hz (rb), 1.5 Hz (vb)
Type of toothbrush 12x Rapid Relief Model A (soft bristles)
12x Jubilee Model B (soft bristles)
6. Defined dentifrice slurry 1:3 Sensodyne Extra Fresh / water
pH 7.4; ~ 6500 ppm slurry particles
7. Maintaining homogeneity of slurry Artificial oral cavity (AOC):
Slurry pump and regular stirring.
14 ml/min - 7.5 rev/min
8. Renewing the slurry during brushing cycle Change of slurry every 3 months
(AOC 5h 15min)
9. AOC constant irrigation Constant irrigation of real human teeth drop by drop
10. Expected measurable loss of tooth structures | Three-year toothbrushing cycle performing a total of
(unknown) 95,040 buccal strokes per tooth
11. Control of room temperature Room air conditioner 22°C
12. Straightforward, reproducible methodology Updated SOP version (11/10/2022)
(Standard operation procedure)
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4.4.2 Toothbrush adjustment

The toothbrush was positioned and fixed in the horizontal and vertical plane with a holder adapted
to the grip design and the corresponding locking screws. Correct positioning of the manual tooth-
brush was achieved by aligning the bristle field centrally and evenly on a crosshair alignment aid
(Fig.12). Two tensiometer plates enabled force distribution over the whole brush head. For this

purpose, a force of 1.75 Newton (N) was set on
each of the tensiometer plates. A deviation of up
to +/- 0.025 N was tolerated as long as the total
contact force was finally 3.5 N. The exact force
setting had to be controlled and documented for
each brushing cycle and assigned to the respec-

tive manual toothbrush. After setting the contact

force, the robot arm was ready to execute the Figure 12: The holder is screwed onto the horizontal slide rail

toothbrushing programme. A model carrier (I) and the manual toothbrush is fixed in the clamping jaws.

) . . . . The vertical rail (II) can be used to adjust the height, and the
which served as a fixed position for the six-axis
black knob and associated rail (1ll) can be used to adjust the

robot, was used to ensure the reproducibility of manual toothbrush forwards or backwards towards the cross-

the toothbrushing movements in each cycle. hair alignment field.

4.4.3 Artificial oral cavity

The artificial oral cavity (AOC) is used for permanently rinsing all human teeth to simulate a continu-
ous toothbrushing process (Fig. 13). The commercial dentifrice Sensodyne Extra Fresh with medium
abrasiveness was selected for suspension (ratio 1:3). For constant slurry irrigation, a peristaltic pump
(Concept 420smd, SAIER, Gundelfingen, Germany) was installed and the pump speed was set to 7.50
rom = 14 ml/min. The experimental set-up was designed to apply 1.0 g of toothpaste to teeth simu-
lating a period of 2 minutes toothbrushing. Slurry was renewed every simulated three months to-
gether with the replacement of the manual toothbrush. A rubber dam was stretched under the hu-
man tooth model on the carrier to prevent slurry from accidentally dripping into the metal fixture
with robot electronics underneath. Room temperature was kept at 22°C during the test to maintain

a constant viscosity of the particle suspension. Table 6 presents an overview of the AOC data.

= Table 6: Overview of the artificial oral cavity

4 x 75 ml Sensodyne Extra Fresh In total: 1200 ml slurry ratio | 1:3
Slurry components: Y Y
+900 ml water PH: 7.4 with ~ 6500 ppm
Type: Concept 420smd For constant slurry irrigation and to sim-
Peristaltic pump: SAIER, Gundelfingen, Germany ulate 1.0 g of dentifrice for brushing
Speed: V = 7.50 U/min time of 2 minutes
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4.4.4 Toothbrushing programme

The chosen programme was designed to simulate
the toothbrushing routine of an average person
during one session limited to the buccal surface
of teeth. The programme combined three clini-
cally most commonly observed toothbrushing

techniques: 2 x horizontal brushing (17 s), 1 x ro- L / 4 % J b |.
tating brushing (19 s) and 1 x vertical brushing (22 / :

Figure 13: Robot arm in action including the AOC with a
s). Since horizontal brushing was most commonly peristaltic pump for constant irrigation of the human teeth

observed in vivo, it was performed twice. with slurry during the toothbrushing cycles.

4.4.5 Executed brushing strokes

Since the robot arm brushed slower than an average human, the pure brushing time could not be
transferred to the clinical situation. Therefore, the number of brush strokes performed by the robot
per tooth was counted. A video was recorded to evaluate each toothbrushing programme. Since the
brushing techniques (horizontal, rotating, vertical) were very different in their execution, the respec-

tive amplitude of motion was measured.

= Weighting of the different brushing strokes

Horizontal: For the horizontal brushing movement, as common in many studies, the reciprocating

movement was counted as a “double” stroke.

Stroke distance: Motion frequency: Number of strokes per cycle:

s=3cm 2.6 Hz — horizontal stroke
> (back-and-forth)

90 horizontal strokes

Rotation: During the rotating motion, the brush moved with one counted stroke over a complete
circle of 360°.

Stroke distance: Motion frequency: Number of strokes per cycle:
1.7 Hz - rotating stroke
(360° circular movement) 33 rotating strokes

d=18cm; U= nd =5.6cm

Vertical: The vertical brushing motion of the robot was much slower and only performed in one

direction from the bottom to the top.

Stroke distance: Motion frequency: Number of strokes per cycle:

11 vertical strokes

s=1.8cm 1.5 Hz - vertical stroke (Due to the shorter distance covered,
(60% of the (from below to above) the counted number of vertical strokes is di-
horizontal 3 cm) vided by three. )
3
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When weighing different strokes, only one-third of the vertical strokes were scored, because a ver-
tical stroke is only in contact with the teeth in one direction. Therefore, based on the average move-
ment speed (4.5 Hz), we calculated an average of 44—45 brushing strokes per buccal tooth surface.
Based on our video observation, 42 strokes per tooth could be counted. Overall, the 44 strokes per
tooth buccally performed by the robot corresponds with the clinical observations (Table 7). Accord-
ingly, each tooth received 44 buccal brushing strokes per cycle. Consequently, the robot performed
31,680 strokes in one year and a total of 95,040 strokes per buccal tooth surface during the simulated
three-year toothbrushing period. The data refers to persons aged 19-35 years without physical limi-
tations, as the brushing speed can vary significantly in children and the elderly due to still missing or
decreasing manual skills. This is generally a fact rarely considered when recommending a general
toothbrushing time. Accordingly, the robot simulates the toothbrushing behaviour of a young adult

to middle-aged person without physical limitations.

= Table 7: Comparison robot vs human

Brushing tech- «— Q ( — Q t
— —

nique: ) ) ) ) . .

Horizontal 360° rotation Vertical Horizontal 360° rotation Vertical

Frequency: 2.6 Hz 1.7 Hz 1.5Hz 4.5Hz 4.2 Hz 3.5Hz

Time (s): 34 Sec 19 sec 22 sec 17 sec* 24 sec* 6 sec*

Technique in %: 36%* 51%* 13%*
45% 25% 29% *Percentage of observed brushing techniques in the collective

Stroke count: 90 33 11 () 76 100 21

Buccal mixed Counted per tooth: Mixed strokes in vivo for 10 sec:

strokes per tooth: 44 buccal strokes Strokes proportionate to %*: 16 horizontal + 21 rotations + 5 verticals

10 sec in vivo* per robot brushing cycle 42 buccal strokes per tooth per brushing cycle in vivo

*Total time: Assuming 47 seconds for 11 teeth, based on the recommendation of Van der Weijden et al. (1993) that the optimal brushing time is 30

seconds for a quadrant (seven teeth).

A brushing cycle for 11 teeth lasted a total of 75 seconds and 30 seconds for repositioning. The robot
only stopped after a complete simulated month had passed. Then the settings of the toothbrush
could be checked before the next monthly programme was started. An average toothbrushing fre-
qguency of twice a day was assumed. Therefore, the cycle was repeated 60 times per month. A month
of 30 days lasted 1 hour and 45 minutes. A three-year toothbrushing cycle lasted a total of 65 hours

and consisted of 2,160 repetitions of one single toothbrushing cycle.
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4.4.6 Overview of manual toothbrushes Rapid Relief and Jubilee

= Table 8: Overview: Test toothbrush Rapid Relief

Toothbrush features Test toothbrush: Rapid Relief
Toothbrush | Length: | 190 mm
in total Width: 14 mm

Brush head | Length: | 26 mm {: (@

Width: 12 mm - -

Bristle Length: | 24 mm ]
board Width: 11 mm

Bristle tufts | Amount: | 32 bristle tufts
Types: Rounded & tapered

Filaments Amount: | Rounded: | 80 filaments per tuft

Tapered: 70 filaments per tuft

Length: Rounded: | 8.5-10 mm

Tapered: 12 mm Rounded filaments Tapered filaments

MW The last millimetre of filaments appears roughened under a stereomicroscope.

The Rapid Relief toothbrush has an interdental trim and five tufts of tapered fil-
aments on each side. The unique characteristic of the test toothbrush was a flex-

Rapid Relief filaments — jple brush neck due to a ball joint to reduce stiffness.

= Table 9: Overview: Reference toothbrush Jubilee

Toothbrush Features Reference toothbrush: Jubilee
Toothbrush | Length: | 191 mm
in total Width: 14 mm |
Brush head | Length: | 25 mm :
Width: | 13 mm = —
Bristle Length: | 23 mm ‘
board Width: 12 mm
Bristle tufts | Amount: | 32 bristle tufts )
Types: Rounded 2
Filaments Amount: | 80 filaments per tuft §
Length: 10 mm Rigid 1:Iat——tri.mvbr.ush head :c:J;ded filaments

The Jubilee toothbrush with soft, flat-trimmed bristles and a small brush head was developed for
pain-sensitive teeth. Since the toothbrush had to be replaced every three months (simulated), a total
of 12 of each manual toothbrush were needed for a three-year brushing cycle per human tooth
model. A three-month toothbrushing cycle took a total of 5 hours and 15 minutes for the respective

manual toothbrush.
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4.5 Replication technique

The replication technique has been proven over decades for SEM examinations and enables even
fragile areas of human teeth to be subjected to high-quality evaluation. At baseline and after the
robot-simulated toothbrushing cycle, all buccal surfaces of teeth were moulded in two steps with an
A-silicon (Affinis Putty Soft and Affinis light body, Coltene Holding AG, Altstdtten, Switzerland). First
the teeth were moulded with putty, then rinsed under lukewarm water and brushed with a rotating
soft prophy brush under double-distilled water. Before the precision impression, teeth were coated
with tubulicid blue for 5 minutes and then dried with air. The low-viscosity silicone was applied to the

buccal surface of teeth with an automatic mixing tip (Fig. 14).

Figure 14: The green Affinis light body impressions were cut into flat squares and labelled with the respective tooth iden-
tification number. After 30 minutes of set-up time, the impressions could be cast with epoxy resin. In advance, the impres-

sions were checked with stereo microscope for oil and cleanliness.

The epoxy resin (Easy-Mix N 5000 Epoxyd, Weicon, Miinster, Germany) is a two-component cartridge

that is cured overnight in a heating cabinet at 37°C and can be easily applied to impressions.

|

\
epoxy resin has a linear shrinkage of approximately 2% and therefore ‘

Rising bubbles had to be carefully removed with a small ball tamper. This

reproduces dimensions in a slightly reduced scale. Cured epoxy resin re-

mains dimensionally stable. Replicas were carefully removed from the

impressions the next day, glued onto small pen sample holders, and la-
belled on the bottom with the respective tooth identification number.

Figure 15: A sputtered tooth

Subsequently, epoxy resin replicas were sputtered with a 20 nm thin replica glued on a pen holder

gold layer (Au); see Fig. 15 (Sputter CCU-010 HV, Zizers, Switzerland). for SEM investigation.

Sputtering was necessary to avoid electrical charging effects on the surface of the samples during
the SEM investigations. The 28 sputtered replicas were stored in custom-designed, sealable plastic
sample boxes. Immediately before SEM investigation, replicas had to be purified with air. For 3D
volume measurements, replicas were later sputtered with an additional 80 nm gold layer to exclude

incorrect measurements due to material delineations.

22



Material and Methods

4.5.1 Positioning of replicas in the sample chamber

The characteristic morphological features were examined using
the secondary electron mode. The scan resolution was set to
1024 x 768 pixels. Digitisation made it possible to save the ras-
terised images in a file. By optimising the specimen sizes, all
seven replicas of one tooth model fit on the sample table (Fig.

16). This enabled the examination of a complete set of teeth in

a single setting.
Figure 16: All seven replicas of a tooth
4.5.2 Planimetry fields model fit on the sample table, so that the

The clinical validation of tooth surfaces is based on nine plani- M°rPhological investigation could be per-

di tting.
metrical fields, buccally and lingually and more than three ap- formed in one setting
proximal fields x,y,z, mesially and distally (Gangler et al. 2013). The areas selected for SEM investiga-
tions were the middle of the smooth surfaces between the planimetry fields E and G + H and a cer-

vical region of the teeth between fields B + W (Fig. 17).

Investigation areas (Fig. 17):

[ 1 ] Abrasion patterns on the enamel at the equator
line in the middle crossing point of the fields E
and G + H.

|I| Change of morphological features at the planim-
etry field B and the mirrored area at the root

surface W.

Standard magnifications 100x and 400x. : , :
Figure 17: Crown and root fields for planimetry assess-

Respective regions were compared pre and post ...t arrows I and If point to the regions investigated

the three-year robot-simulated brushing cycle.  under SEM.

The SEM has already been used for quantitative and qualitative analysis of teeth, with magnifications
of 200 — 1000x proving useful for micromorphological surface studies (Dietz 2012, Montag et al.
2018).

Selected teeth for 3D SEM: A42, A44, A46, B41, B42, B43, B45
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4.6 Scanning electron microscope (SEM)

The scanning electron microscopes (SEM) ability to produce high-resolution images makes it ideal
for studying the surface structures and morphology of enamel and other dental hard tissues (Risnes
et al. 2019). The outstanding feature of SEM is that this technique can provide a high depth of field
while maintaining high magnification. At 1000x magnification and a resolution of 100 nm, the depth
of field of the SEM is 100 um, while the resolution of an optical microscope is only 0.2 um. Imaging
uneven, rough surfaces, such as the surface of teeth, requires a high depth of field. SEM was invented

by Manfred von Ardenne in 1937 and has become increasingly popular since 1965.

The operating principle | a7 Tungsten ~—
. - / | wire glow rosssnane The principle of

of the SEM device is | Wehnelt cylinder |- cathode image generation

. . 1— S
shown in Figure 18. o [_T2] (2) Detection and

T Anode (1) Spot scanning of amplification of
The primary electron I m e fpadusn Sgnak
beam is focused on the (3] Digital videa
Focus lenses "AE

sample surface utilising

vFeb oo

(Scan) x,y- m

magnetic lenses and deflection system

Ty ™
,% Obijective lens
s

E ! processing
X
//

. [ (4) Display on
scans the sample in a \|/ [4]  the PC monitor
linear pattern and is ac- | getector O—I—
celerated with voltages T _m :
mple. ‘I' SE detector

between 1 and 30 kV, _/

S le pl

= High vacuum in the

leading to multiple in- mple chamber

teractions with the Figure 18: Device components of SEM (LEO-1450, Zeiss, Oberkochen, Germany). The high
sample surfaces. For vacuumis generated by a turbomolecular pump directly connected to the sample chamber,

this study, secondary
and backscattered elec-

by a glowing cathode consisting of a hairpin-shaped tungsten filament (@ 100 um). The

trons were the most im- number of electrons leaving the cathode is controlled by the Wehnelt cylinder (emission

portant. current). The different detectors are connected to a computer to convert the scanned elec-

trical signals into digitised data.

Secondary electrons are very low in energy, while backscattered electrons have almost the same
energy as primary electrons. Secondary electrons emerge directly at the sample surface (1-10 nm)
and are very slow with an emergence energy of <50 eV, but map the sample’s topography quite well
and offer the best lateral point resolution. The detector is located on the side wall and is usually an
Everhart—Thornley detector. With the secondary electron mode, images with magnifications of up to
2000x can be achieved. For the 3D measurements, it was necessary to switch to the high-energy

backscattered electrons, which originate from the samples’ deeper layers (1-2 um).

which is equipped with a four-axis sample table (x-y-z tilting). The door can be opened by

ventilating the chamber to place the samples on the table. The electron beam is generated

24



Material and Methods

4.7 3D-SEM

Backscattered electrons for the 3D evaluations were Fisciion source
Electron beam

collected by an Si-conductor four-quadrant detector

(4Q-BSE detector) directly arranged around the pri-

. i Detector
mary beam exit (Fig. 19). In contrast to the stereo
method, which requires two consecutive images, each Backscattared
electrons
with different tilt angles, 3D reconstruction with the . s
4Q-BSE detector can be performed in one single scan. P "

4Q-BSE mode enables reproducible measurements of
Figure 19: The 4-Quadrant-BSE detector (SEM 515,

Philips, Eindhoven, Netherlands; software: Point

height differences with an accuracy of up to 0.1 um. A
large working distance was chosen to achieve a good electronic GmbH, Halle, Germany) enables the crea-
depth of field despite the low magnification. In addi-

tion of a height profile of the sample surface by po-
tion, a small aperture diaphragm and a suitable beam sitioning four backscattered electron detectors di-
current were set for a larger probe diameter to keep ~ rectly around the exit aperture of the primary beam.
chromatic and spherical errors low. However, due to the size of cervical lesions, low magnification

had to be used, so lower resolution was sufficient for this application.

4.7.1 Calibration protocol

The distance between each of the 4Q-BSE detectors is about 30 mm, which should be many times
larger than the dimension of the scanning field on the sample. At this low magnification, however,
the scan field becomes so large that the strongly varying angles of incidence depending on the de-
tector simulate a curvature of the object. This imaging error was a disturbing factor for 3D profilom-
etry, as it could lead to distortions in the volume measurement. But together with the paired tooth
replicas (pre and post), a calibration block was used correct this imaging error.

Tooth replicas (Fig. 20)

Placed together on the sample
table adjusted to the same height
(Fig. 21).

Calibration block

With a flat plane for spherical cor-

g i "
rection, points spaced one milli-

Figure 20: Two replicas (pre and metre apart for length scaling, Figure 21: The two replicas and the
post) and the calibration block to-  3nd a spherical notch for height calibration body were adjusted to

gether on the sample table. the same height.

determination.
Calibration of the geometric alignment required a thorough knowledge of the operation of SEM,
including the correct positioning of the sample and set of the electron beam. Therefore, a uniform

adjustment protocol for the correction of aberrations was implemented (Appendix 9).

25



Material and Methods

Sample position and angle as well as electron beam setting could be read from the SEM display and

are based on the standard calibration for magnification, scan rotation and working distance.

Magnification was set to allow the entire cervical le-
sion to be monitored. In the case of molars, two scans
(mesial and distal) were required. The DIPS 2.9 soft-
ware (Point electronic GmbH, Halle, Germany) was
used to analyse and measure the topography. The
notches on the specimen allowed the displayed mag-
nification to be checked and corrected to the actual
value (Fig. 22). A spherical correction was performed
based on the plane of the calibration body. The topog-

raphy image was used to display the curvature to ad-  rigure 22: After calibration, the program DIPS shows the

just the value for the spherical correction until the sur-  real distance between the small notches of 1 mm and the

face was displayed flat. diameter of the large hemisphere of 1.6 mm.

Spherical aberration was corrected with DISS 5 (Point electronic GmbH, Halle, Germany). DISS (Digital
Image Scanning System) is an active image acquisition and processing system for SEM (Fig. 23). The

next step was to remeasure the depth of the groove with MicroShape (Point electronic GmbH).

The actual depth of the spherical cavity of the reference body was
previously calculated using the known geometry parameters to be
t = 328.7 um. After correcting the calibration, the software meas-
ured a groove depth of t =328.1 um. The number of pixels was set
to 1024 x 1024, as the resulting resolution was sufficient for this
purpose. This reduced the scanning speed to 1:01 min. At 2048 x
2048 pixels, a scan would take about 4 minutes. Images were digi-
tally processed by DISS 5. Using the four images from different an-

gles, an elevation data set was created in .a/3d format. The height

Figure 23: After the spherical correc-  Profile data sets created were saved under the name of the tooth
tion with DISS 5 the surface that was  examined pre and post and respective date of recording. The Mi-
previously considered falsely curvedis  cro5hgpe software was then used to generate a 3D data set in .ply
displayed flat according to reality. . .
played f g y format through a mathematical transformation.

Alignment and measurement of the 3D models, pre and post, was subsequently performed using the

Leica Reshaper 3D surface mapping software (Leica Geosystems, Heerbrugg, Switzerland).
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4.7.2 Alignment and measurements

The abrasion volume was measured using the software Leica’s Reshaper 3D (Leica Geosystems, Heer-
brugg, Switzerland). This is a versatile software solution for processing all types of point clouds and
meshes for a variety of applications. With integrated software tools, volumes, distances and angles
could be calculated and 3D comparisons could be made between the paired (pre and post) tooth

models. A coloured surface model can also be cre-
ated to visually illustrate the measurement result.
A different data set had to be created to calculate
the resulting volume of cervical lesions. For this
purpose, the pre-data network was aligned with
the post-data network. Either the software calcu-
lated the least squares correlation related to the
whole model, or the user sets several reference

points beforehand for the alignment. Due to sub-

stantial surface changes caused by the brushing
cycle, alignment via reference points performed

better. For this purpose, the user set a number of

Figure 24: With the point alignment tool, distinctive points on
both pairs of teeth (pre and post) can be selected and then

aligned by the software to calculate the volume difference.

alignment points on both paired models, and based on these points the models were calculated in
superposition (Fig. 24). Measuring the entire tooth, however, resulted in inaccuracies due to the
optical distortions of the scans in the marginal areas. Therefore, the cervical areas were outlined with

a manual polyline to reduce possible distortion of the margins (Fig. 25).

Figure 25: The cervical lesions of tooth A42 were cut out with a polyline. The pre-data mesh was shown in yellow and

the post-data mesh in green. The models are superimposed to calculate the volume loss.

To adjust the inclination angles of the models, a freehand readjustment was necessary since a devi-
ating inclination could lead to considerable differences in the volume calculation. The height profile
and surface levelness were highlighted in colour after alignment. A partially calculated “theoretical
application volume” represented the method’s measurement inaccuracy and should thus be as low
as possible. Finally, Reshaper 3D was used to calculate the area of the abrasive cervical lesion in mm?
and the volume difference between the data meshes of teeth in mm3. The abrasion volume is given
in cubic millimetres as well as nanolitres (nl), the latter for better size comparison with dental tools

or materials.
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4.7.3 \Visualisation of abrasion volume

Since the human mind has difficulties imagining the extent of volumes in pure terms of cubic metres,
a dental comparison from daily practice will be used to visualise the size of the abrasion volume. This
procedure is standard in physics and the field of life sciences.

Visualisation with a G30 endo irrigation canula:

Canula diameter: 0.3 mm
Estimated inner diameter: 0.15 mm
Radius: ~ 0.08 mm

Cylinder volume: - r? -h = - 0.08 mm? - 1 mm = 0.02 mm3 = 20 nl

0,3x23mm

Consequently, 1 mm of the endo irrigation canula has a capacity of 20 nl.

630 For an abrasion lesion of 60 nanolitres, 3 mm of the cannula would have to be filled with

Transcodent  jrrigation solution, equivalent to about one drop of irrigation solution on a glass plate.

4.8 Accuracy verification

To check the accuracy of the materi-
als used, a 1-cent piece was moulded
with the A-silicon (Affinis light body,
Coltene Holding AG, Altstdtten, Swit-
zerland) and was also replicated with
the epoxy resin (Easy-Mix N 5000

Epoxyd, Weicon, Miinster, Germany).  Original cent Replication of 1 cent
Figure 26 shows comparison of the Figure 26: At 2000x magnification of the globe region (British Isles) on

.. . the front of a 1-cent piece, detail reproduction was satisfactory and far
original cent and the replicated cent. front of P P factory and f

better than with all the other materials tested.
Also, the spherical cavity in the reference body was imprinted and replicated to evaluate the replica-
tion technique and measurement accuracy (Fig. 27). Incorporating an epoxy resin cartridge system

considerably simplified the replication process compared to the classic EPON 812 method.

Original reference body Affinis and N5000 Affinis and EPON 812 equivalent
Figure 27: Replication of the reference body. While silicone particles stuck to the surface of EPON 812 equivalent replica,
replication with two-component cartridge system epoxy resin (Easy-Mix N 5000 by Weicon) turned out successful. There-
fore, EPON 812 was excluded from standard operating procedures for this study.
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5 Results

5.1 Morphological feature coding

In order to quantify cervical wear, a new system was developed to code morphological features that
can be significantly altered by tooth brushing.
= Table 10: Coding of abrasion patterns

Abbr. Feature Code Description
FAM 0 Few, shallow marks
Functional abrasion FAM 1 Some oriented marks
HM marks FAM 2 Deeper criss-cross marks
FAM 3 Many deep criss-cross marks
APO Anatomical perikymata
Appearance AP 1 Rounded perikymata
AP perikymata AP 2 Shallow perikymata
AP 3 No perikymata
EPEO No exposed prismatic enamel
Exposed prismatic EPE 1 Some separated areas (< 20% of tooth area)
=PE enamel EPE 2 Fluctuating areas (20-40% of tooth area)
EPE 3 Extended areas (> 40% of tooth area)
El O No infractions
El 1 Vertical closed infractions
El Enamel infractions
El 2 Gaping vertical infractions
El 3 Horizontal and inclined gaping infractions
ODTO No open dentin tubules
Open dentin ODT 1 Few open dentin tubules
obT tubules ODT 2 Clustered open dentin tubules
ODT 3 Uniformly distributed open dentin tubules
DCO No calculus
DC1 Few calculus remnants (< 30% of tooth area)
DC Dental calculus
DC2 Some calculus islands (30—60% of tooth area)
DC3 Heavy calculus formation (> 60% of tooth area)
PFO Straight CEJ
Peninsula for- PF 1 Slightly undulating CEJ
P mation PF 2 Undulating CEJ with peninsulas
PF 3 Undulating CEJ with peninsulas and enamel islands
Type 1 Cementum overlaps enamel
CEJ Cemento-enamel
types junction Type 2 Edge-to-edge contact of cementum and enamel
Type 3 Gap between cementum and enamel
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Abrasion patterns represent the complex changes that occur over a lifetime and are individually more
pronounced in older teeth. The following scanning electron microscope images illustrate the differ-

ent abrasion patterns with image coding panels of the defined wear stages from 0 to 3.

5.1.1 Functional abrasion marks (FAM)

e

Figure 28: Functional abrasion marks (FAM) coding 0-3, SEM magnification 400x. FAM 0: Few, shallow

marks; FAM 1: Some oriented marks; FAM2: Deeper criss-cross marks; FAM 3: Many deep criss-cross marks.

5.1.2 Appearance perikymata (AP)

AP0

e

Figure 29: Appearance perikymata (AP) coding 0-3, SEM magnification 100x. AP 0: Anatomical perikymata;
AP 1: Rounded perikymata; AP 2: Shallow perikymata; AP 3: No perikymata.
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5.1.3 Exposed prismatic enamel (EPE)

z

Figure 30: Exposed prismatic enamel (EPE) coding 0-3, SEM magnification 400x. EPE 0: No exposed prismatic
enamel; EPE 1: Some separated areas (< 20% of tooth area); EPE 2: Fluctuating areas (20-40% of tooth area);
EPE 3: Extended areas (> 40% of tooth area).

5.1.4 Enamel infractions (El)

10 um
[}

Enamel Infractions (EI)f T
[} - b\

(
3

Figure 31: Enamel infractions (El) coding 0-3, SEM magnification 400x. El 0: No infractions; El 1: Vertical closed

infractions; El 2: Gaping vertical infractions; EI 3: Horizontal and inclined gaping infractions.

31



Results

5.1.5 Open dentin tubules (ODT)

]onro

4 post 0812 104 “ 0
. e oo

Figure 32: Open dentin tubules (ODT) coding 0-3, SEM magnification 400x. ODT 0: No open dentin tubules; ODT 1:

Few open dentin tubules; ODT 2: Clustered open dentin tubules; ODT 3: Uniformly distributed open dentin tubules.

5.1.6 Dental calculus (DC)

P ——r —

Figure 33: Dental calculus (DC) coding 0-3, SEM magnification 400x. DC 0: No calculus; DC 1: Few calculus rem-
nants (< 30% of tooth area); DC 2: Some calculus islands (30—60% of tooth area); DC 3: Heavy calculus formation
(> 60% of tooth area).
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5.1.7 Peninsula formation (PF)

Figure 34: Penlnsula formatlon (PF) cod/ng 0-3, SEM magn/f/cat/on 100x. PF O: Stra/ght cemento- ename/ junction
(CEJ); PF 1: Slightly undulating CEJ; PF 2: Undulating CEJ with peninsulas; PF 3: Undulating CEJ with peninsulas and

enamel islands.

5.1.8 Cemento-enamel junction types

Cemento-Enamel-Junction

| J
Type 1: Cementum overlapsmmei

Type 2: contact of cementum and enamel
TypsB‘Gmbemen cementum and enamel

Overlapping Edge 0 l
~ Cementum ~ Edge ’— Gap

Type 2 Type 3

Figure 35: Cemento-enamel junction (CEJ) types 1-3, SEM magnification 100x. Type 1: Cementum overlaps

enamel; Type 2: Edge-to-edge contact of cementum and enamel; Type 3: Gap between cementum and enamel.
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5.2 Combined wear feature images

5.2.1 Incisor A41 - Rapid Relief (flexible neck)

Ad1 pre - overview

Ad41 post - E 100x

Figure 36: Incisor A41 — combined wear feature image for pre and post compar-
ison. Extraction for periodontal reasons. Age of patient: 55 years. Coding of mor-

phological features: Section 5.5.1.

Overview (Mag: 12x)

Due to the advanced age of the tooth
donor (55 years), it is no longer possi-
ble to recognise perikymata. Vertical
enamel infractions occur at the ce-
mento-enamel junction. The root sur-
face initially has a rough texture, which

is smoothed by tooth brushing.

Planimetry field E: (100x/400x)

The enamel surface above the tooth
equator is 100% prismless. There are
no infractions in this tooth section. The
perikymata are flattened. Many hori-
zontal and oblique abrasion marks can
be seen. Afterwards, the enamel sur-
face looks smooth, and the abrasion
marks have been reduced. The smear
layer has been removed, and only iso-

lated white grains remain.

Planimetry field B+W: (100x/400x)

Several vertical enamel infractions ex-
tend through to the cemento-enamel
junction (CEJ). Afterwards, the enamel
and cementum surfaces are cleaned
and polished. Calculus residues have
entirely disappeared. The corrugated
cervical enamel margin showed some
jagged protrusions at baseline, which
were afterwards smoothed out. A
moon-shaped enamel breakout is visi-
ble at the junction, with exposed den-
tin underneath on the root surface.
Edge-to-edge contact of enamel and

cementum (CEJ Type 2).
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5.2.2 Incisor A42 - Rapid Relief (flexible neck)

‘A42 - overview [ 'A42 post - overview

- E 100x A42 post - E 100x

A42 post - E 400x

Figure 37: Incisor A42 — combined wear feature image for pre and post comparison.

Extraction for periodontal reasons. Age of patient: 40 years. Coding of morphological

features: Section 5.5.1. Volume measurements: Section 5.4.1.

Overview (Mag: 12x)

On the root surface, breakouts
caused by the extraction, which
were  subsequently  polished
smooth, can be seen. Subtle
perikymata are discernible. Several
vertical eruptions are visible in the

lower third of the tooth crown.

Planimetry field E: (100x/400x)
Slight abrasion marks and minor
pits are observable. Perikymata
and the enamel surface are leveled
and cleansed following the brush-
ing cycle. The infractions do not
surpass the dental equator. Resi-
dues of a smear layer have dissi-
pated. Subsequently, prismatic
enamel was partially exposed (in a
ratio of 9:1).

Planimetry field B+W: (100x/400x)
At the baseline, massive calculus
had accumulated at the cemento-
enamel junction. Removal by
toothbrushing resulted in unmask-
ing several criss-cross marks on the
root surface. At the baseline,
rough, jagged enamel peninsulas
extended onto the root surface,
which was rounded off afterwards.
In addition, an enamel peninsula
appeared. A modest cervical lesion
formed due to brush abrasion.
Edge-to-edge contact of enamel

and cementum (CEJ Type 2).
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5.2.3 Canine A43 - Rapid Relief (flexible neck)

'A43 post - overview

A43 post - E 400x

A43 post - B + W 100x

]

41 A43 post - B + W 400x

Figure 38: Canine A43 — combined wear feature image for pre and post comparison.
Extraction for periodontal reasons. Age of patient: 58 years. Coding of morphological

features: Section 5.5.1.

Overview (Mag: 12x)

Perikymata are worn down. Some
vertical enamel infractions in the
lower third of the tooth crown. At
baseline, the root surface was very
roughened, but the texture was

smoothened after toothbrushing.

Planimetry field E: (100x/400x)

Removal of the smear layer re-
vealed several criss-cross abrasion
marks. Due to the age of the tooth
donor (58yrs), the perikymata are
no longer recognisable. A vertical
enamel infraction crosses the cen-
tre of the image. The enamel sur-

face appears 100% prismless.

Planimetry field B+W: (100x/400x)
At baseline, the cervical area of the
tooth was covered with massive
calculus deposits and roughened.
By toothbrushing, the enamel and
cementum surfaces were cleaned
of all deposits and polished
smooth. This revealed masked ver-
tical enamel infractions and
enamel peninsulas. The cervical
enamel margin became rounded.
Edge-to-edge contact of enamel

and cementum (CEJ type 2).
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5.2.4 Premolar A44 - Rapid Relief (flexible neck)

Figure 39: Premolar A44 — combined wear feature image for pre and post compari-
son. Extraction for orthodontic reasons. Age of patient: 14 years. Coding of morpho-

logical features: Section 5.5.1. Volume measurements: Section 5.4.2.

Overview (Mag: 12x)

Several enamel protrusions ap-
peared above the equator of the
tooth. In the lower third of the
crown, the enamel has been dam-
aged by the extraction. After brush-
ing, the tooth surface was
smoothed. The enamel protrusions
and perikymata have remained un-

changed.

Planimetry field E: (100x/400x)

Disoriented abrasion marks are
only very slightly visible. The smear
layer was removed entirely. Several
pits were exposed on the enamel
surface. The prismatic parts have
visibly enlarged due to abrasion
(ratio: 8:2). The vertical enamel in-
fraction on the left side has wid-

ened.

Planimetry field B+W: (100x/400x)
Several short enamel infractions
run perpendicular to the enamel-
cementum junction. The surface of
the cementum and enamel has
been thoroughly cleaned of smear
layer and calculus and polished. A
slightly undulating CEJ of type 3 ap-
peared at the neck of the tooth.
The gap between the enamel and
cementum has been deepened and
widened by abrasion. No opened

dentin tubules are seen.
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5.2.5 Premolar A45 - Rapid Relief (flexible neck)

"A4S pre - overview A4S post - overview |

A4S post - E 100x

\
A45 post - B + W 100x

Figure 40: Premolar A45 — combined wear feature image for pre and post compari-
son. Extraction for orthodontic reasons. Age of patient: 14 years. Coding of morpho-
logical features: Section 5.5.1.

Overview (Mag: 12x)

Enamel defects can be seen at the
dental equator through the extrac-
tion forceps. Perikymata are still
clearly visible in the juvenile pre-
molar. After the toothbrushing cy-
cle, individual enamel infractions
have formed in the area of the

enamel forceps defects.

Planimetry field E: (100x/400x)

The tooth surface has been
cleaned, and the perikymata are
now well visible. Several criss-cross
abrasion marks have been un-
masked. The previously faint
oblique infractions are now wid-
ened. A prismatic enamel ratio of

1:9 became apparent.

Planimetry field B+W: (100x/400x)
After removing the smear layer and
calculus, the enamel and root sur-
face appear clean and polished.
Marks of abrasion are only very
subtly present. Vertical enamel in-
fractions at the cervical enamel
margin have opened up. A gently
undulating CEJ type 3 with some
suggested enamel peninsulas is
current. The narrow gap between
the enamel and cementum is now
slightly deepened. The enamel

margin is rounded.
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5.2.6 Molar A46 — Rapid Relief (flexible neck)

»

' A46 post - Overview

Figure 41: Molar A46 — combined wear feature image for pre and post comparison.

Extraction due to caries. Age of patient: 36 years. Coding of morphological features:

Section 5.5.1. Volume measurement: Section 5.4.3.

Overview (Mag: 12x)

Vertical enamel infractions extend
to the cemento-enamel junction.
An enamel defect runs perpendicu-
lar to the tooth axis between the
cusps. Larger calculus debris and
furrowed, roughened areas are
seen on the neck of the tooth. The
calculus residues have disappeared
mainly after toothbrushing. The
root surface in particular has been

smoothed.

Planimetry field E: (100x/400x)

Faint criss-cross abrasion marks are
visible. The enamel surface is 100%
prismless. Perikymata are faintly
visible. The vertically running,
opened enamel fraction is empty.
Afterwards, there are still coccoid
deposits on the enamel surface,
which could not be removed de-

spite previous surface cleaning.

Planimetry field B+W: (100x/400x)
The cementum appears cracked.
The tip of the enamel tongue is fis-
sured. More extensive calculus de-
posits are on the inter-radicular
enamel tongue. There are concre-
ments on the left side. A narrow
abrasion groove has formed di-
rectly under the enamel margin.
The CEJ type 3 is slightly undulating

but, overall, relatively straight.
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5.2.7 Molar A47 - Rapid Relief (flexible neck)

"A47 pre - overview | { A47 mt-?fvimi
i i g (3%

Figure 42: Molar A47 — combined wear feature image for pre and post comparison.
Extraction for surgical reasons. Age of patient: 19 years. Coding of morphological
features: Section 5.5.1.

Overview (Mag: 12x)

Extraction-related enamel defects
can be seen in the centre of the
tooth crown. The perikymata are
still visible. Some enamel infrac-
tions extend from the cervical
enamel margin and the forceps

flaw.

Planimetry field E: (100x/400x)

Faint cross-shaped and elongated
obligue abrasion marks. Numerous
micro-depressions. Individual
knobby elevations. Multiple pris-
matic areas appear on the enamel
surface. Ratio 60% prismless / 40%
prismatic enamel. Oblique enamel
infractions have been widened and
emptied. The surface has been pol-

ished and cleaned.

Planimetry field B+W: (100x/400x)
Faint, oblique abrasion marks and
several micro-pits are visible on the
enamel surface. White globules are
visible residues of a smear layer. At
baseline, there are numerous cal-
culus residues. Several infractions
oriented perpendicular to the
tooth axis extended from the
enamel margin. The cervical
enamel margin are rounded by
toothbrushing. The root surface
was significantly smoothed. The
previously hidden enamel peninsu-
las are unmasked. The CEJ, type 1,
with overlapping cementum, is

slightly undulated.
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5.2.8 Incisor B41 — Jubilee (rigid neck)

"B41 pro - overview B41 post - overview

B41 post - E 100x

B41 post - B + W 30x

Figure 43: Incisor B41 — combined wear feature image for pre and post comparison.
Extraction for periodontal reasons. Age of patient: 40 years. Coding of morphological

features: Section 5.5.2. Volume measurements: Section 5.4.4.

Overview (Mag: 12x)

At the baseline, the tooth surface
appeared roughened and brittle at
the neck of the tooth. The
perikymata are only faintly visible.
After toothbrushing, additional
enamel infractions extended per-
pendicularly from the cervical

enamel margin.

Planimetry field E: (100x/400x)

Numerous  criss-cross  abrasion
marks on the enamel surface have
been levelled by toothbrushing and
are fading. Afterwards, the enamel
surface showed up to 10% pris-
matic. A vertical, flat enamel infrac-
tion runs perpendicular to the
tooth axis in the centre. Remains of
a smear layer, and some lumpy cal-
culus, covered the enamel, which

was cleansed by toothbrushing.

Planimetry field B+W:
(100x/400x)

The course of the CEJ, type 2 edge-
to-edge, presents an undulating
shape, and abrasion has created an
extensive wedge-shaped lesion. No
exposed dentin tubules can be
seen. Afterwards, the root surface
was cleaned and smoothed. There
are no more calculus residues.
Enamel outbreaks at the cervical
margin were rounded off. Enamel
peninsulas became more distinct.
An impressive shark-shaped cavity

has formed.
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5.2.9 Incisor B42 — Jubilee (rigid neck)

B42 pre - overview 3 ‘BA2 post - overview

: B42 post - E 400x

Figure 44: Incisors B42 — combined wear feature image for pre and post comparison.

Extraction for periodontal reasons. Age of patient: 61 years. Coding of morphological

features: Section 5.5.2. Volume measurements: Section 5.4.5.

Overview (Mag: 12x)

At the baseline, a saucer-shaped
cervical lesion was already present,
in which horizontal abrasion
grooves had formed on the root
surface due to toothbrushing. The
senior tooth has a smoothed tooth
surface with flattened perikymata.
Serrated, widened, but relatively
shallow enamel infractions extend
outward of the cervical enamel

margin.

Planimetry field E: (100x/400x)

Numerous mainly horizontal and
deeper vertical abrasion marks.
The pits and fissures have been
smoothed. No perikymata are evi-
dent. The opened, vertical enamel
infractions are empty. The edges

appear rounded.

Planimetry field B+W: (100x/400x)
At the baseline, numerous enamel
eruptions at the cervical enamel
margin and a massive loss of ce-
mentum and root dentin can be no-
ticed. Several openings of dentin
tubules are evident. The type 2
edge-to-edge junction course be-
tween enamel and cementum ap-
pears straight. Enamel margins
have been rounded by brush abra-
sion. The root surface is now im-

maculate and polished.
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5.2.10 Canine B43 —Jubilee (rigid neck)

~ g

Figure 45: Canine B43 — combined wear feature image. Extraction for periodontal
reasons. Age of patient: 58 years. Coding of morphological features:

Section 5.5.2. Volume measurements: Section 5.4.6..

Overview (Mag: 12x)

The tooth surface appears smooth.
Signs of perikymata are found in
the upper third of the tooth crown.
Faintly visible enamel infractions
are located in the lower third of the
tooth.

Planimetry field E: (100x/400x)

Individual abrasion marks were
crosswise with some imposing hor-
izontal scratches. Perikymata were
only faintly visible. The enamel sur-
face was 100% prismless. The in-
fraction from the cervical enamel
margin did not extend beyond the
dental equator. Minor calculus de-
posits and remnants of a smear
layer were visible on the enamel
surface during the initial examina-
tion, which was subsequently com-

pletely removed.

Planimetry field B+W: (100x/400x)
Enamel infractions originating from
the cervical enamel margin run
perpendicular to the tooth axis.
The calculus completely disap-
peared, but there are still some
granules of the smear layer. After
abrasion, several peninsulas and an
enamel island with a diameter of ~
100 um appeared on the root sur-
face. An undulating course of the
CEJ of type 2, edge-to-edge con-
tact, can be seen. The enamel mar-
gin was rounded, the root surface

sloped more steeply.

43



Results

5.2.11 Premolar B44 - Jubilee (rigid neck)

Figure 46: Premolar B44 — combined wear feature image for pre and post compari-

son. Extraction for orthodontic reasons. Age of patient: 13 years. Coding of morpho-

logical features: Section 5.5.2.

Overview (Mag: 12x)

The premolar was processed with
rubber polishers before extraction,
damaging the enamel surface. The
perikymata were still visible on the
juvenile enamel surface despite the
damage. Several enamel infrac-
tions are evident in the lower third
of the tooth.

Planimetry field E: (100x/400x)

There are clear, predominantly ver-
tically aligned abrasion marks. Af-
ter toothbrushing, up to 25% of the
enamel surface has become pris-
matic. The enamel surface got

clean and cleared of particles.

Planimetry field B+W: (100x/400x)
At higher magnification, criss-cross
abrasion marks can be seen. On the
young root surface, there are den-
tinal tubules opened by abrasion.
The calculus and most of the smear
layer residues have disappeared. In
addition to the small, grooved
enamel peninsula, an enamel is-
land became visible on the root
surface. The CEJ type 3 with a gap
between enamel and cementum
and the previously cracked cemen-

tum was visibly smoothed.
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5.2.12 Premolar B45 — Jubilee (rigid neck)

Figure 47: Premolar B45 — combined wear feature image for pre and post com-
parison. Extraction for orthodontic reasons. Age of patient: 13 years. Coding of

morphological features: Section 5.5.2. Volume measurement: Section 5.4.7.

Overview (Mag: 12x)

An inverted, funnel-shaped abrasion de-
fect appears at the cervical enamel mar-
gin. The perikymata are pronounced.
Vertical enamel infractions are visible in
the lower third of the tooth.

Planimetry field E: (100x/400x)

Numerous vertical, disoriented criss-
cross abrasion marks and micro-pits are
visible. The enamel surface is 25% pris-
matic. The vertical enamel infraction has

been opened.

Planimetry field B+W: (100x/400x)
Enamel infractions, though opened, are
devoid and extend to the cemento-
enamel junction. Following toothbrush-
ing, calculus and remnants of the smear
layer have vanished. Alongside the sig-
nificant central enamel peninsula, a
small enamel island is revealed on the
root surface. The wedge-shaped cervical
lesion now presents a rounded appear-
ance, and the undulation of the CEJ type
3 (gap) has been smoothed.
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5.2.13 Molar B46 — Jubilee (rigid neck)

B46 pre - overview B46 post - overview

Figure 48: Molar B46 — combined wear feature image for pre and post comparison.
Extraction due to caries. Age of patient: 31 years. Coding of morphological features:
Section 5.5.2.

Overview (Mag: 12x)

Distinct,  disoriented  abrasion
marks and indentations are evident
on the enamel surface. Root-side
defects resulting from extraction
have been leveled through tooth-
brushing. The perikymata remain
distinctly visible. A profound cusp
fracture extends through the cen-
ter of the tooth crown. The deep
crater crack is void afterward. Addi-
tionally, a vertical enamel infrac-

tion is noticeable at the distal cusp.

Planimetry field E: (100x/400x)

The enamel surface exhibits pri-
marily horizontal or vertical abra-
sion marks, along with some
obliquely oriented ones, accompa-
nied by isolated pits. Approxi-
mately 10% of the surface mani-
fests a prismatic appearance. Nota-
bly, no enamel infractions are ap-
parent in proximity to the tooth

equator.

Planimetry field B+W: (100x/400x)
Numerous enamel infractions, visi-
ble at magnifications of 100x to
400x, extend to the cervical enamel
margin. No evidence of exposed
dentinal tubules is observed. The
CEJ type 2, with edge-to-edge con-
tact, has been smoothed, preserv-
ing its undulating contour. Addi-
tionally, a small enamel island has

been revealed on the root surface.
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5.2.14 Molar B47 — Jubilee (rigid neck)

BA7 pre - overview | A 'B47 post - overview |

Figure 49: Molar B47 — combined wear feature image for pre and post comparison.
Extraction for surgical reasons. Age of patient: 19 years. Coding of morphological
features see Section 5.5.2.

Overview (Mag: 12x)

No discernible abrasion marks are
present on the smooth surface.
Perikymata are clearly evident,
showcasing the tooth's growth pat-
terns. Additionally, enamel infrac-
tions are notable in the lower third
of the tooth.

Planimetry field E: (100x/400x)

The oblique abrasion marks were
leveled through toothbrushing, yet
a horizontal break-off edge per-
sisted. This abrasion has exposed
certain enamel infractions, with
minimal calculus residues discerni-
ble within them. Following this, the
enamel surface exhibits a 10% pris-

matic appearance.

Planimetry field B+W: (100x/400x)
Multiple enamel infractions extend
to the cervical enamel margin. The
enamel appears smoothed, and the
margins are rounded. Notably,
there are no visible exposed den-
tinal tubules or peninsula for-
mations. The CEJ type 2, character-
ized by edge-to-edge contact, has
undergone smoothing, resulting in

an evened-out undulation.
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5.3 Cervical wear lesions

Backscattered electron (BSE) images of pre-brushing and post-brushing cervical lesions.

5.3.1 Incisor A41 — Cervical wear lesion — Rapid Relief

"A41 prell

Figure 50: Incisor A41 exhibits a distinctive cervical lesion at baseline, characterized by dentin loss at the CEJ ac-
companied by prominent enamel margins, wide open enamel infractions and visible abrasion marks at root dentin.

CEJ type: 1 (pre) and 2 (post). Age of patient: 55 years. BSE image.

5.3.2 Incisor A42 - Cervical wear lesion — Rapid Relief

Figure 51: Incisor A42 initially presents a concealed cervical abrasion lesion and some calculus. Following brushing,
dental calculus is removed, revealing sharp enamel margins, loss of root dentin, wide-open enamel infractions, and

visible marks on the root dentin. CEJ type: 2. Age of patient: 40 years. BSE image.
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5.3.3 Canine A43 — Cervical wear lesion — Rapid Relief

A43 pre

Figure 52: Canine A43 initially displays an extensive cervical lesion filled with remnants of calculus and obscured
enamel margins. After the complete removal of dental calculus, sharp enamel margins emerge, revealing some pen-
insulas with wide-open dental infractions. The clinically smoothed root dentin surface extends down to the cementum

layer. CEJ type: 2. Age of patient: 58 years. BSE image.

5.3.4 Premolar A44 - Cervical wear lesion — Rapid Relief
‘Ad4 prellllE : A44 post

Figure 53: Premolar A44 exhibits extraction damage caused by forceps. Initially, enamel margins show a few penin-
sulas with no detectable calculus. Post-extraction, there is abrasion of the extraction damage, wide-open enamel in-

fractions, removal of cementum, and the exposure of root dentin, extending up to 200 um. CEJ type: 3. Age of patient:

14 years. BSE image.
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5.3.5 Premolar A45 - Cervical wear lesion — Rapid Relief

A45 pre|” A A45 post
¥

e 5 |
’

F

Figure 54: Premolar A45 displays extraction damage with discernible perikymata structures and partly masked
sharp enamel margins at baseline. Notably, wide-open enamel infractions and crisp enamel margins are evident.
Cementum removal is confined to the buccal site, extending up to 180 um. CEJ type: 3. Age of patient: 14 years.
BSE image.

5.3.6 Molar A46 — Cervical wear lesion — Rapid Relief

A46 pre| ¥ TR 'A46 post|

Figure 55: Molar A46 presents with the cemento-enamel junction (CEJ) concealed by dental calculus, featuring a
typical enamel fold with a rounded appearance at baseline. Post-abrasion, the enamel fold undergoes abrasion,
revealing the opening of enamel infractions. Additionally, there is a somewhat abrasive removal of cementum,
showcasing sharp enamel margins. CEJ type: 3. Age of patient: 36 years. BSE image.
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5.3.7 Molar A47 - Cervical wear lesion — Rapid Relief
/A47 pre| e A47 post| o X

the enamel margins take on a rounded form, revealing open enamel infractions, with no detectable removal of

cementum. CEJ type: 1. Age of patient: 19 years. BSE image.

5.3.8 Incisor B41 - Cervical wear lesion — Jubilee

200 ym
—

Figure 57: Incisor B41 initially displays calculus remnants and masked enamel margins. Subsequent changes in-
clude the opening of sharp enamel margins with peninsulas, thorough cementum removal extending up to 400 um,

leading to underlying root dentin loss. CEJ type: 2 (post). Age of patient: 40 years. BSE image.
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5.3.9 Incisor B42 — cervical wear lesion — Jubilee

‘B42 pre 3 ‘ B42 post |

Figure 58: Incisor B42 reveals an extended cervical abrasive lesion penetrating deep into the root dentin, marked by
numerous abrasion marks and cementum removal spanning up to 600 um. Initially, enamel margins are concealed.
Post-cervical abrasion, the area is wholly smoothed out, with dentin loss undermining the margins. Additionally,
typical brushing grooves are observed on the root surface. CEJ type: 2. Age of patient: 61 years. BSE image.

5.3.10 Canine B43 — Cervical wear lesion — Jubilee

Figure 59: Canine B43 exhibits masked enamel margins and some calculus remnants on the root cementum. The
process involves smoothing out with significant cementum dentin loss, revealing unique enamel islands and refining

the sharpness of enamel margins. Very few enamel infractions are observed. CEJ type: 2. Age of patient: 58 years.
BSE image.
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5.3.11 Premolar B44 — Cervical wear lesion — Jubilee

WD

Figure 60: Premolar B44 reveals substantial enamel damage after bracket removal (clinically imperceptible) and

root damage due to extraction at baseline. Post-extraction, there is a thorough smoothing out of the root damage,

unveiling sharp enamel margins. Additionally, there is a partial smoothing out of post-orthodontic enamel damage,

exposing prismatic enamel and wide-open enamel infractions. CEJ type: 3. Age of patient: 13 years. BSE image.

5.3.12 Premolar B45 — Cervical wear lesion — Jubilee

B45 post|

Figure 61: Premolar B45 presents with dental calculus remnants and the masking of enamel margins by cementum
at baseline. Notably, an atypical appearance of an enamel peninsula is observed, accompanied by enamel wear.
Post-treatment includes the demasking of an enamel island, the presence of wide-open enamel infractions, and a
cementum loss extending up to 250 um. CEJ type: 3. Age of patient: 13 years. BSE image.
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5.3.13 Molar B46 — Cervical wear lesion — Jubilee

-

Figure 62: Molar B46 initially exhibits completely masked enamel margins and post-extraction damage at both

200 pm
—

crown and root. Following cervical abrasion, the tooth reveals sharp enamel margins and the demasking of an

enamel island. CEJ type: 2 and 1. Age of patient: 31 years. BSE image.

5.3.14 Molar B47 — Cervical wear lesion — Jubilee

'B47 post |
L posty

Figure 63: Molar B47 features calculus and tissue remnants (clinically imperceptible) at baseline. Subsequent treat-
ment involves smoothing out and demasking of enamel margins with peninsulas, along with a cementum loss of up to

200 um. CEJ type: 2. Age of patient: 19 years. BSE image.
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5.4 Volume loss

= Table 11: Overview of volume loss results

Toothbrush Rapid Relief @ 34.25 nl

Toothbrush Jubilee @ 87.75 nl

Tooth Volume Volume | Altered surface | @ um | Tooth Volume Volume | Altered surface | @ um
no. loss (mm3) | loss (nl) size (mm?) /mm? | no. loss (mm3) | loss (nl) | size (mm?) /mm?
A42 0.043 43 1.538 28 B41 0.055 55 2.000 28
Ad4 0.050 50 2.033 25 B42 0.188 188 5.142 37
A46m 0.020 20 1.362 15 B43 0.041 41 1.495 27
Ad6d 0.024 24 1.184 20 B45 0.067 67 2.668 25
@ mean 0.034 34.25 | surface 22 | P mean | 0.087 87.75 surface 29.25

The colour coding of the height scale indicates the difference in height between the pre and post

model in positive values.

Incisor A42 — Reshaper 3D

54.1

Figure 64: Incisor A42 of a patient aged 40 years — extraction for periodon-

¥233
“az
0!'\

tal reasons. Reshaper surface model. Result: 43 nl cervical volume loss after

brushing with toothbrush Rapid Relief.

5.4.2 Premolar A44 — Reshaper 3D

Figure 65: Premolar A44 of a patient aged 14 years — extraction for ortho-

dontic reasons. Reshaper surface model. Result: 50 nl cervical volume loss

after brushing with toothbrush Rapid Relief.

Height loss scale
colour coding:
Blue: 5—30 um
Green: 30 - 64 um
Yellow: 64 — 75 um
Red: 75—-98 um

Height loss scale
colour coding:

Blue: 17 — 30 um
Green: 30 - 50 um
Yellow: 50 — 63 um

Red: 63— 70 um

Overall volume loss due

to cervical wear: 43 nl

Cervical mesh surface:
1.538 mm?

Overall volume loss due

to cervical wear: 50 nl

Cervical mesh surface:
2.033 mm?
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5.4.3 Molar A46 — Reshaper 3D

= Mesial (right side)

Figure 66: Molar A46 of patient aged 36 years, mesial — extraction due to

caries. Reshaper surface model. Result: 20 nl cervical volume loss after brush-

ing with toothbrush Rapid Relief.

= Distal (left side)

Figure 67: Molar A46 of patient aged 36 years, distal — extraction due to car-

ies. Reshaper surface model. Result: 24 nl cervical volume loss after brushing

with toothbrush Rapid Relief.

Overall volume loss due

to cervical wear: 20 nl

Cervical mesh surface:
1.362 mm?

Height loss scale
colour coding:
Blue: 1—13 um
Green: 13—-35um
Yellow: 35 —43 um
Red: 43 —57 um

Overall volume loss due

to cervical wear: 24 nl

Cervical mesh surface:
1.184 mm?

Height loss scale
colour coding:
Blue: 4 —10 um
Green: 10— 30 um
Yellow: 30 — 39 um
Red:39—-52 um
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5.4.4 Incisor B41 — Reshaper 3D

Overall volume loss due

to cervical wear: 55 nl

Cervical mesh surface:
2.000 mm?

Height loss scale
colour coding:
Blue: 5—=27 um
Green: 27 — 60 um
Yellow: 60— 72 um
Red: 72 —93 um

Figure 68: Incisor B41 of a patient aged 40 years — extraction for periodontal
reasons. Reshaper surface model. Result: 55 nl cervical volume loss after brushing
with toothbrush Jubilee.

5.4.5 Incisor B42 — Reshaper 3D
Overall volume loss due to

cervical wear: 188 nl

Cervical mesh surface:
5.142 mm?

Height loss scale
colour coding:
Blue: 2— 28 um
Green: 28— 67 um
Yellow: 67 —82 um
Red: 82 — 106 um

Figure 69: Incisor B42 of a patient aged 61 years — extraction for periodontal rea-
sons. Reshaper surface model. Result: 188 nl cervical volume loss after brushing

with toothbrush Jubilee.
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5.4.6 Canine B43 — Reshaper 3D

Figure 70: Canine B43 of a patient aged 58 years — extraction for periodontal

reasons. Result: 41 nl cervical volume loss after brushing with toothbrush Jubilee.

5.4.7 Premolar B45 — Reshaper 3D

Figure 71: Premolar B45 of a patient aged 13 years — extraction for orthodontic
reasons. Reshaper surface model. Result: 67 nl cervical volume loss after brushing
with the toothbrush Jubilee.

Overall volume loss due

to cervical wear: 41 nl

Cervical mesh surface:
1.495 mm?

Height loss scale
colour coding:
Blue: 18 =31 um
Green: 31 —50 um
Yellow: 50 — 56 um
Red: 56 — 68 um

Overall volume loss due

to cervical wear: 67 nl

Cervical mesh surface:
2.668 mm?

Height loss scale
colour coding:
Blue: 11 -27 um
Green: 27 — 50 um
Yellow: 50 — 58 um
Red: 58 =72 um
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5.5 Tooth comparison

The composite images of each tooth were cross-referenced with visual wear coding panels (Section

5.2). Two investigators, one unblinded (KW) and one blinded (PG), evaluated each abrasion pattern

before and after the brushing cycle. The results are presented in Tables 12 and 13.

5.5.1 Coding of abrasion patterns per tooth: Toothbrush Rapid Relief

Table 12: Human teeth model A Incisor Incisor
A4l Pre Post A42 Pre Post
(55 y — Paro) (40y — Paro)
FAM 2 1 FAM 1 0
AP 3 3 AP 1 2
EPE 0 0 EPE 0 1
El 1 2 El 1 2
oDT 0 2 oDT 0 1
DC 1 0 DC 3 0
Human teeth A41-A47 PF 0 2 PF 2 3
. . - CEJ Type 1 Type 2 CEJ Type 2 Type 2
in anatomical position.
Canine Premolar Premolar
A43 Pre Post Ad4 Pre Post A45 Pre Post
(58 y — Paro) (14 y — Ortho) (14 y — Ortho)
FAM 2 1 FAM 1 0 FAM 1 2
AP 3 3 AP 0 0 AP 1 1
EPE 0 0 EPE 1 2 EPE 1 1
El 1 1 El 1 2 El 1 2
oDT 0 0 oDT 0 0 oDT 0 0
DC 3 0 DC 1 0 DC 1 0
PF 2 2 PF 1 1 PF 1 1
CE) Type 2 Type 2 CEJ Type 3 Type 3 CEJ Type 3 Type 3
Molar Molar = 3D analysis:
A46 B Fost A&7 . Post Tooth Volume loss results*
(36 y — Caries) (19 y~3rd) A42: 0.043 mm> 43l
FAM 1 1 FAM 1 1
B > > = 0 0 Ad4. 0.050 mm?3 50 nl
EPE 1 1 EPE 3 3 A4 0.020 o
El 3 3 El 3 3 mesial: mm? | 0.044
oot 0 0 oot 0 1 A46 0.024 | mm?® | 24nl
p¢ 3 2 pe 3 ! distal: mm?
PF 0 0 PF 2 2
CEJ Type 3 Type 3 CEJ Type 1 Type 1

*For visualisation: 1 mm of a G30 endo irri-

gation needle contains 20 nanolitres.
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5.5.2 Coding of abrasion patterns per tooth: Toothbrush Jubilee

Table 13: Human teeth model B

Human teeth B41-B47

in anatomical position.

Canine
B43 Pre Post
(58 y — Paro)

FAM 2 2

AP 3 3

EPE 0 1

El 1 2

oDT 0 0

DC 2 1

PF 2 3
CEJ Type 2 Type 2

Molar
B46 Pre Post
(31 y — Caries)

FAM 2 2

AP 2 2

EPE 1 2

El 1 2

oDT 0 0

DC 3 0

PF 1 3
CEJ Type 1 Type 2

Incisor Incisor
B4A1 Pre Post B42 Pre Post
(40y — Paro) (61y— Paro)
FAM 1 1 FAM 3 1
AP 3 3 AP 3 3
EPE 0 1 EPE 0 0
El 1 1 El 2 2
oDT 0 0 oDT 0 0
DC 3 0 DC 3 0
PF 1 2 PF 2 2
CEJ Type 2 Type 2 CEJ Type 2 Type 2
Premo- Premolar
lar B44 Pre Post B45S Pre Post
(13 y — Ortho) (13 y — Ortho)
FAM 2 1 FAM 0 2
AP 1 2 AP 0 1
EPE 2 3 EPE 0 2
El 2 2 El 2 3
oDT 0 1 oDT 0 2
DC 1 0 DC 1 0
PF 2 3 PF 2 3
CEJ Type 3 Type 3 CEJ Type 3 Type 3
Molar = 3D analysis
B47 Pre Post
Tooth Volume loss re-
(19 y —3rd)
FAM 0 0 sults*
AP v L B41: 0.055mm* | 55nl
EPE 0 2
- 1 5 B42: 0.188 mm? 188 nl
obT 5 5 B43: 0.041mm® | 4inl
DC 2 0 B45: 0.067 mm? 67 nl
PF 0 0
CEJ Type 2 Type 2 *For visualisation: 1 mm of a G30 endo

irrigation needle contains 20 nanolitres.
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5.6 Descriptive analysis of abrasion patterns

This section examines the morphological alterations induced by abrasion, encompassing shifts in sur-

face texture, infractions, exposure of dentin tubules, and an analysis of calculus accumulation and

the exposed root surface.

5.6.1 Functional abrasion marks (FAM)

In middle-aged incisors and canines (41-43), both Rapid
Relief and Jubilee toothbrushes resulted in a one-code
smoothing of the enamel surface after the brushing pro-
cedure (Fig. 72). Within each group, one juvenile premo-
lar experienced a one-code smoothing, while its counter-
part exhibited more scratches post-cleaning. Young
adulthood molars showed no significant changes in abra-
sion marks on the enamel surface due to the cleaning
process. Abrasion marks on the smooth surfaces of all
tested teeth lost their superficial masking, but complete
disappearance occurred only in the case of one old inci-
sor, A42.

'BA43 post
mnidl old B T
g I /, -

10 pum
—
t

Figure 73: Canine B43 of a 58 years old patient - post brushing with
Jubilee: Functional abrasion marks (FAM 2) show several small pits,
many criss-cross marks, some oblique marks, a clear horizontal, more

profound mark and white granules of unknown origin. Mag: 400x

Rapid Relief
Functional abrasion marks

Code u Pre Post

A42

Ads

A43 Ad4 A45 A47

Jubilee

Functional abrasion marks
Code Pre Post
3

B41 B42 B43 B44 B45 B46 B47

Figure 72: Bar charts showing the difference of
functional abrasion marks (FAM) pre and post

brushing.

SEM provides a high-resolution visualiza-
tion of microwear consequences, reveal-
ing abrasion marks of varied degrees on
tooth surfaces. These encompass hori-
zontal, vertical, or transverse abrasion
marks, as well as long scratches and iso-
diametric pits. lllustrated in Fig. 73 is
tooth B43 from a 58-year-old individual,
showcasing a distinctive criss-cross abra-
sion pattern with individual deeper hori-
zontally oriented marks. Notably,
perikymata and exposed prisms are no
longer visible. The diverse orientations of
abrasion marks in horizontal, vertical, or
oblique directions can be attributed to

the three distinct brushing programs.
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5.6.2 Appearance perikymata (AP)

The appearance of perikymata remained nearly un-
changed in both toothbrushes, as depicted in Fig. 74. A
subtle levelling out of perikymata was observed only in
the middle-aged incisor A42 and juvenile premolar B44.
Notably, toothbrush Jubilee effectively levelled the
damaged enamel surface of premolar B44 after ortho-
dontic bracket removal, a detail not visible under typical
clinical conditions. This observation could hold signifi-
cance for post-orthodontic oral hygiene recommenda-
tions. Over the years, natural wear processes have con-
tributed to the flattening of perikymata, accompanied
by a decline in the proportion of prismatic enamel, a

phenomenon associated with aging.

e
> "r'_t - o ana W 1

Figure 75: Premolar A44 of a 14 years old patient at baseline — Nu-

m

Rapid Relief
Appearance perikymata
Code : Pre Post

+1

0 0

0 N = [ = 1

A4l A42 A43 Ad4 A45 A4 A47

Jubilee
Appearance perikymata
Code Pre Post
0

B41 B42 B43 B44 B45 B46 B47

Figure 74: Bar charts showing the difference of ap-
pearance perikymata (AP) pre and post brushing.

The perikymata are most densely
packed towards the neck and decrease
in density towards the occlusal or in-
cisal edge of the surface (Fig. 75). These
typically sinuous formations run in
closed circles around the tooth and are
even more compact on isolated enamel
peninsulas that extend into the cemen-
tum. The most remarkable irregulari-
ties in the appearance of perikymata

are observed in the cervical region.

merous incremental lines, the perikymata, are visible on the buccal

tooth surface of the juvenile premolar, getting denser towards the cer-

vical region. Mag: 24x
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5.6.3 Exposed prismatic enamel (EPE) Rapid Relief
. . . ) . Exposed prismati |
Following toothbrushing with Jubilee, a higher expo- coile xposi p??sma :’;name 5
sure of enamel prisms was evident compared to the ~ °
use of Rapid Relief. Significantly increased wear of  ?
+1 0 0
aprismatic enamel was observed after cleaning with 1 l I .
0 +1 0
the Jubilee toothbrush. In contrast, the baseline sit- ©
A4l A42 A43 Ad4 A45 Adb A47
uation did not show remarkable changes after brush-
ing with the Rapid Relief toothbrush (Fig. 76). Jubilee
' Exposed prismatic enamel
‘A44 post . ; Code Pre  Post
3
+1
2
1
1 0 1 +2 +2

841 B42 B43 B44 B45 B46 847

Figure 76: Bar charts showing the difference of ex-

posed prismatic enamel (EPE) pre and post brushing.

as 2 -~ :"‘ s ‘—-‘ . .
PG vances, the overall thickness of the
Ad4 post 2501 Toum Mag - 3

=t | As post-eruptive enamel maturation ad-

: ‘ aprismatic layer increases due to surface
Figure 77: Premolar A44 of a 14 years old patient - post

mineralization. Especially in juvenile teeth,
brushing with Rapid Relief: Exposure of prismatic enamel oc-

curs because the immature aprismatic layer, which covers juve- prismatic areas are still expected, while mid-

nile teeth, remains fragile shortly after tooth eruption and can  dle-aged teeth are likely to have a predomi-
be easily removed through intensive toothbrushing. Mag: 400x  nantly aprismatic enamel surface (Gangler et

al. 2005). For instance, in the juvenile premo-
lar A44 (Fig. 77), abrasion removed the
aprismatic layer in some areas, revealing the
underlying prismatic structure. The micro-
scopic examination of tiny indentations, av-
eraging 6 um in diameter, suggests a corre-
spondence with the structures of enamel rod
ends. Microscopic studies by Steiniger et al.
(2010) have demonstrated that ameloblasts

removed from a freshly erupted enamel sur-

P : face leave hexagonal indentations in the

Figure 78: Premolar B45 of a 13 years old patient - post . . . .
g f 4 P p enamel matrix with their tome extensions

brushing with Jubilee: Numerous tiny indentations on the cer- )
(Fig. 78).

vical enamel margin indicate exposed prismatic enamel. Mag:
167x
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5.6.4 Enamel infractions (El)

In all teeth of both groups, the most significant
changes were observed in enamel infractions (Fig.
79). Previously concealed and closed enamel cracks
were exposed after abrasion in all teeth, with many
widenings more than their original state. This phe-
nomenon is especially pronounced near the cemento-
enamel junction (CEJ), where the majority of enamel
cracks were located. Despite preserving all teeth in a
0.1% thymol / 0.9% saline solution outside the scan-
ning electron microscope (SEM), it is acknowledged
that methodological factors may have contributed to

the opening of enamel infractions.

Figure 80: Canine B43 (58 yrs) pre and post brushing with
toothbrush Jubilee: At baseline there were already numerous
vertical enamel infractions on the cervical part of the tooth.
umerous vertical enamel infractions were already present on the
cervical part of the tooth. Subsequent brushing exposed and
slightly widened these infractions. Enamel peninsulas became
more pronounced and defined, while sporadic enamel islands

were unveiled on the root surface. Mag: 100x

Rapid Relief
Enamel infractions
= Pre Post
Code o o
3
2
+1 +1 0 +1 +1
Al N
0
A4l A42 A43 Ad4 A4S Adb A47
Jubilee
Enamel infractions
Code Pre Post
3
0 0 1
2
0 +1 +1 +1

B41 B42 B43 B44 B45 B46 B47

Figure 79: Bar charts showing the difference of

enamel infractions (El) pre and post brushing.

Several studies affirm that teeth frequently
exhibit vertical infractions in the enamel, of-
ten inconsequential and frequently unno-
ticed. The majority of these infractions are
so inconspicuous that they are barely visible
under direct illumination and remain unde-
tectable on routine intraoral images, lead-
ing to a frequent clinical underestimation of
their prevalence. The formation of enamel
infractions is presumed to be associated
with intrinsic defects that manifest during
tooth development. Most identified vertical
infractions in these studies ranged from 100
to 1,000 um in length, with longer infrac-
tions generally more extensive than shorter
ones. The width varied between 1 um and 5
um. Notably, in this particular sample, none
of these infractions extended to the occlu-

sal surface (Fig. 80).
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5.6.5 Open dentin tubules (ODT)

No distinct pattern has been identified. Among Rapid Rapid_ReIief
Open dentin tubules
Relief teeth, dentin tubules were exposed in two mid-  code w Pre  Post

dle-aged incisors (A41, A42) and in a young adult mo-
lar (A47). In Jubilee teeth, open dentin tubules were

observed in the two juvenile premolars (B44 and B45). 1

Morphological characterization of these sample teeth AL M2 AR A M e A

rarely revealed exposed dentinal tubules (Fig. 81). Jubilee
. X X Open dentin tubules
However, when the cervical abrasion lesion extended ¢ Pre - Post
ode

into the lower root regions, exposed dentinal tubules
became visible within the depths of wedge-shaped le- 2

sions. 1
0 0 0+ +2 0 0
B41 B42 B43 B44 B45 B46 B4

Figure 81: Bar charts showing the difference of open
dentin tubules (ODT) pre and post brushing.

Incisor B42 exhibits a uniform distribution
of open dentin tubules on the abraded root
surface after the tooth-brushing cycle (Fig.
82). Moreover, numerous abrasion marks
are discernible. Upon closer inspection at
higher magnification, variations in the di-
ameter of dentinal tubule openings be-
come evident. Some entrances are wide
open, others narrowed, and some appear

to be completely closed.

Jubilee: Following the three-year toothbrushing cycle, dentinal tu-

bules were exposed and opened at various spots on the root sur-
face. Mag: 1000x
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5.6.6 Dental calculus (DC)

All teeth brushed by Rapid Relief and Jubilee exhibited
typical surface changes and reduced dental calculus
even in concealed areas after the abrasion cycle (Fig.
83). Notably, at the cemento-enamel junction, dental
calculus was effectively removed, underscoring the
contribution of brushing to calculus residue elimination.
This holds clinical significance as it visibly reduces
plague attachment in vulnerable areas. As demon-
strated in this thesis, regular toothbrushing plays a cru-
cial role in smoothing tooth surfaces, minimizing plaque
deposition, and promoting overall healthy periodontal
care. Examples in Fig. 84 and Fig. 85 illustrate a signifi-
cant reduction in calculus in the cervical area due to

toothbrushing.

v

Figure 84: Canine A43 (58 yrs) - pre and post brushing
with the Rapid Relief toothbrush: At baseline, the cer-
vical area was obscured by a substantial layer of calcu-
lus and smear layer. However, after three years of
toothbrushing, these deposits were entirely removed,
resulting in a rounded and refined cemento-enamel

junction. Mag: 400x

Rapid Relief
Dental calculus
u Pre

Post

A47

Jubilee

Dental calculus
Pre Post

33 3 3 3 3 i3

B41 B42 B43 B44 B4S B46 B47

Figure 83: Bar charts showing the difference of
dental calculus (DC) pre and post brushing.

Figure 85: Molar B46 (31 yrs) - pre and post
brushing with the Jubilee toothbrush: At baseline,
a severe formation (DC Code 3) was deposited on
the tooth neck. Following the three-year tooth-
brush approach, the cemento-enamel junction
was thoroughly cleaned of calculus and exhibited

a rounded appearance. Mag: 400x

66



Results

5.6.7 Peninsula formation (PF)

In the Rapid Relief teeth, two middle-aged incisors, A41 Rapid Relief
Peninsula formation
and A42, demonstrated signs of wear in the enamel penin-  code “ Pre  Post
3
sula overlapping root dentin. Almost all of the Jubilee “ 0 0
2 — s —
teeth, with the exception of one middle-aged anterior inci- 0 0
1 3 N
sor (B42) and the wisdom tooth (B47), also showed changes +2 0

0 | L} - S| U}
. . . . A4l Ad42 A43 Ad4 A4S Ad6 A47
to the enamel peninsula overlying the root dentin, which

. . . Jubilee
can be attributed to abrasion by the toothbrush (Fig. 86). pemn::h'fo,maﬁon

Pri Post
The demasking of peninsulas and especially enamel islands C‘;"e e
overlapping the root dentin by toothbrushing abrasion is ,
described for the first time. Enamel islands appeared on

teeth A42, B43, B44, B45, and B46. 0 , =

B4l  B42  B43  BA4  B4S  BA6  B47
Figure 86: Bar charts showing the difference of

peninsula formation (PF) pre and post brushing.

From a clinical perspective, enamel peninsulas and enamel islands pose a heightened risk of cervical
abrasion due to their hardness. Moreover, they may contribute to biofilm attachment, establishing
a new area of abrasion risk, along with the entire margin along the cementum-(dentin)-enamel in-
terface. Two instances of enamel islands emerging as a consequence of toothbrushing are illustrated
in Fig. 87.

B43 pre

;'~&;’x, —
B45pre | =

Figure 87: Canine B43 (58 yrs) and premolar B45 (13 yrs) after brushing with the Jubilee toothbrush: Previously con-
cealed enamel islands were unveiled on the root surface, protruding impressively after three years of tooth brushing. Mag:
200x
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5.6.8 Cemento-enamel junction types (CEJ)

The CEJ forms the interface between the enamel-covered crown and the cement-covered root sur-
face and is susceptible to environmental influences, including abrasion and erosion.

The enamel layer in this area is
fragile, barely 0.2 mm (Aw et al.
2002). Three anatomical variants
of CEJ have been described in the
past (Gangler et al. 2005).

1. Type 1: 60% Cementum over-
lapping enamel.

2. Type 2: 30% Cementum is in
edge-to-edge contact with the
enamel.

3. Type 3: 10% A gap between
cementum and enamel.

Figure 88: Cemento-enamel junction types: The most common type in this
All three forms are shown in Fig-

ure 88.

sample was type 2 (edge-to-edge) with 50%, followed by type 3 with 36% (a
gap between cementum and enamel). Type 1 (cementum overlapping

enamel) occurred least frequently with 14%. Mag: 100x

The percentages of CEJ types in the sample teeth is (see 7.1 Contingency table) Edge-to-edge (type
2): 50% > Gap (type 3): 36% > Cementum overlapping enamel (type 1): 14%

gap (type 3). The gap type was particularly prominent in juve-
~ nile premolars, and tooth A46, also displaying a gap type, be-
longed to a young adulthood patient (36 yrs). Overlapping ce-
7 mentum (type 1) was identified in only four out of 28 tooth
~ specimens. Specifically, overlapping cementum was present in
one middle-aged tooth (A41, 55 yrs), one young adulthood
~ tooth (B46, 31 yrs), and one juvenile tooth (A47, 19 yrs). After

Figure 89: Gap (type 3) on /“"e’"le pre- prushing, middle-aged and young adulthood teeth transi-
molar A45. The groove of the gap shows

tioned to edge-to-edge contact (Fig. 89). Despite previous re-
tiny depressions, which are considered a

typical morphological pattern of enamel ports indicating that cementum overlapping enamel (type 1) is

in the cervical region. Despite this groove, COMMON in human teeth, this type was infrequently repre-

no dentin is exposed (Enlarged section sented in this study.
from Fig 88.).
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5.6.9 Morphology of cervical abrasion lesions

The three-year toothbrushing cycle revealed that abrasion resulted in a loss of cervical tooth struc-
ture, primarily manifesting as wedge-shaped lesions (Fig. 90). However, at the observed stage, the
lesions are still in their early phase, making it challenging to anticipate their eventual shape. Most
cervical lesions tend to progress gradually in depth, irrespective of their initial form. Consequently,
this study observed a notable alteration in the morphology of the cemento-enamel junction over
time. The enamel margin shifted slightly coronally due to wear processes, even with the use of a low-

abrasive dentifrice and a manual toothbrush with a flexible ball joint neck and tapered bristles.

WD 1 trce sk cchas Zerkrum Jana wD

Figure 90: Incisor B41 (40 yrs) - pre and post brushing with Jubilee toothbrush: The friable, superficially furrowed

cervical region was smoothed by toothbrushing, yet it also developed a more pronounced, deepened wedge-
shaped lesion. A distinctive characteristic of wedge-shaped lesions is a concave coronal and an apical convex

surface. Mag: 11/12x

A single saucer-shaped cervical lesion, pre-existing at baseline, underwent widening due to tooth-
brushing (Fig. 91). Following the three-year toothbrushing cycle, this saucer-shaped lesion exhibited
noticeable horizontal grooves on the root surface. Horizontal, smooth grooves ranging from 5 to 250

um can be interpreted as indicative of abrasion and/or erosion.

Figure 91: Incisor B42 (61 yrs) pre and post brushing with Jubilee toothbrush: The saucer-shaped cervical lesion
initially displayed a rough, furrowed surface, which was subsequently smoothed and exhibited distinct horizontal

grooves in the apical region due to abrasion from toothbrushing. Mag: 12x
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5.7 Statistical evaluation

The comparison of the abrasion patterns before and after tooth brushing is of particular interest and
requires unpolished human teeth with natural surface morphology of different ages to be able to
determine clinically relevant changes.

Contingency table 14: Manual toothbrush Rapid Relief

Tooth FAM AP EPE El oDT DC PF CEJ X Diff.

PRE 2 3 0 1 0 1 0 Type 1 7 +3
A4l -1 0 0 +1 +2 -1 +2

POST 1 3 0 2 2 0 2 Type 2 10

PRE 1 1 0 1 0 3 2 Type 2 8 +1
A42 -1 +1 +1 +1 +1 -3 +1

POST 0 2 1 2 1 ()} 3 Type 2 9

PRE 2 3 0 1 0 3 2 Type 2 11 -4
A43 -1 0 0 0 0 -3 0

POST 1 3 0 1 0 0 2 Type 2 7

PRE 1 0 1 1 0 1 1 Type 3 5 0
A44 =il 0 +1 +1 0 =il 0

POST 0 0 2 2 0 0 1 Type 3 5

PRE 1 1 1 1 0 1 1 Type 3 6 +1
A45 +1 0 0 +1 0 -1 0

POST 2 1 1 2 ()} ()} 1 Type 3 7

PRE 1 2 1 3 0 3 0 Type 3 10 0
A46 0 0 0 0 0 -1 0

POST 1 2 1 3 ()} 2 ()} Type 3 9

PRE 1 0 3 3 0 3 2 Type 1 10 -1
A47 0 0 0 0 +1 -2 0

POST 1 0 3 3 1 1 2 Type 1 9

5 PRE 9 10 6 11 0 15 8 3xT2 / 3xT3 / 1xT1 TO
POST 6 11 8 15 4 3 11 3xT2 / 3xT3 / 1xT1 in %"
Diff. -3 +1 +2 +4 +4 -12 +3 *43% T2 /43% T3 / 14% T1

Contingency table 15: Manual toothbrush Jubilee

Tooth FAM AP EPE El oDT DC PF CEJ 2 Diff.

PRE 1 3 0 1 0 3 1 Type 2 9 -1
B41 0 0 +1 0 0 3 +1

POST 1 3 1 1 0 0 2 Type 2 8

PRE 3 3 0 2 0 3 2 Type 2 13 -5
B42 -2 0 0 0 0 3 0

POST 1 3 0 2 0 0 2 Type 2 8

PRE 2 3 0 1 0 2 2 Type 2 10 +2
B43 0 0 +1 +1 0 -1 +1

POST 2 3 1 2 0 1 3 Type 2 12

PRE 2 1 2 2 0 1 2 Type 3 10 +2
B44 -1 +1 +1 0 +1 -1 +1

POST 1 2 3 2 1 0 3 Type 3 12

PRE 0 0 0 2 0 1 2 Type 3 5 +8
B45 +2 +1 +2 +1 +2 -1 +1

POST 2 1 2 3 2 0 3 Type 3 13

PRE 2 2 1 1 0 3 1 Type 1 10 +1
B46 0 0 +1 +1 0 3 +2

POST 2 2 2 2 0 0 3 Type 2 11

PRE 0 0 0 1 0 2 0 Type 2 3 +2
B47 0 +1 +2 +1 0 -2 0

POST 0 1 2 2 0 0 0 Type 2 5

5 PRE 10 12 3 10 0 15 10 4xT2 / 2xT3 / 1xT1 TO
POST 9 15 11 14 3 1 16 5xT2/2xT3 /- in %"
Diff. -1 +3 +8 +4 +3 -14 *56% T2 / 28% T3 / 14% T1
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5.7.1 Absolute and relative frequency

= Table 16: Absolute and relative frequency of abrasion patterns - Rapid Relief

Model A: Absolute frequency Relative frequency

Code Rapid Relief 0 1|2 3 0 1 2 3
PRE 1111122 0 5 2 0 0% 71% 29% 0%
FAM POST - 0011112 2 4 1 0 29% 57% 14% 0%
PRE 0011233 2 2 1 2 29% 29% 14% 29%
AP POST : 0012233 2 1 2 2 29% 14% 29% 29%
PRE 0001113 3 3 0 1 43% 43% 0% 14%
EPE POST : 0011123 2 3 1 1 29% 43% 14% 14%
PRE 1111133 0 5 0 2 0% 71% 0% 29%
El POST : 1222233 0 1 4 2 0% 14% 43% 29%
PRE 0000000 7 0 0 0 100% 0% 0% 0%
opT POST : 0000112 4 2 1 0 57% 29% 14% 0%
PRE 1113333 0 3 0 4 0% 43% 0% 57%
be POST : 1200000 5 1 1 0 71% 14% 14% 0%
PRE 0011222 2 2 3 0 29% 29% 43% 0%
P POST : 0112223 1 2 3 1 14% 29% 43% 14%

= minor values; dark green: max value (pre); max value (post)

= Table 17: Absolute and relative frequency of abrasion patterns - Jubilee

Model B: Absolute frequency Relative frequency

Code Jubilee 0 1] 2 3 0 1 2 3
PRE 0012223 2 1 3 1 29% 14% 43% 14%
FAM POST : 0111222 1 3: 3 0 14% 43% 43% 0%
PRE 0012333 2 1 1 3 29% 14% 14% 43%
AP POST : 1122333 0 2.2 3 0% 29% 29% 43%
PRE 0000012 5 11 0 71% 14% 14% 0%
EPE POST : 0112223 1 2.3 1 14% 29% 43% 14%
PRE 1111222 0 4: 3 0 0% 57% 43% 0%
El POST : 1222223 0 1.5 1 0% 14% 71% 14%
PRE 0000000 7 0: 0 0 100% 0% 0% 0%
opT POST : 0000012 5 11 0 71% 14% 14% 0%
PRE 1122333 2 2: 2 3 29% 29% 29% 43%
be POST : 0000001 6 1.0 0 86% 14% 0% 0%
PRE 0112222 1 2. 4 0 14% 29% 57% 0%
P POST : 0223333 1 0: 2 4 14% 0% 29% 57%

= minor values; max value (pre); = max value (post)

The contingency tables and frequencies (Tables 14—17) were used to get an overview of the categor-
ical variables. CEJ type means in %: Type 2 (edge): 50% > Type 3 (gap): 36% > Type 1 (overlap):
14%.
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5.7.2 Bar chart coding sum comparison

The bar charts illustrate in dark green/pale red the cumulative coding levels of the respective abra-

sion patterns before and in light green/yellow after the three-year toothbrushing cycle.

Y. Coding values Rapid Relief: Y Coding values Jubilee:
16
16
i 15 1§ 14 15 % 15
1
12 2 12
" M 1 "
10 10 BT 10 10
Qg
s |8 8
8 B8
6
e 6 3
4 4
# 3 3
2 3 2
0
0 8p, 8ay 84084y 88086088 88 BonSon80n 80n 8 O
Ay ARy A A4 16038648 6 A0 A0, 3050, 40 48 Ay LAy IR, IR 4y SRR SRy SV, Sl 5, OOy DDy P05 CC R, Ry
Ay Any o Ry SR S S1p, 81 Q05 C0y O 1, OC oy T Ky B, P Rr PRe P00.5 R0, S Bn Re "0 TR TR Pln Pos R 10,
Y Rogye sy R R0g 6 08y R’ Pog R “0gy R A Re "0s, € 7Sy "R "Os) P Re T0g, 8 HeyTE TS
| PRE: Total sum of feature codes | POST: Total sum of feature codes | PRE: Total sum of feature codes | POST: Total sum of feature codes |

Comparing the two samples shows that in the case of Jubilee, some post-brushing abrasion patterns
were more pronounced than in the Rapid Relief sample. These include functional abrasion marks
(FAM), exposed prismatic enamel (EPE) and peninsular formation (PF). The following statistical

tests were intended to verify whether the differences between the samples were significant.

5.7.3 Box plot abrasion patterns comparison

Graphical visualisation of the code distribution by quantile distances and the medians.

Box plots — manual toothbrush Rapid Relief: = Box plots — manual toothbrush Jubilee:

AFAMPRE | B FAM PRE
AFAM POST B FAM POST
AAP PRE B AP PRE
AAPPOST | B AP POST
AEPE PRE B EPE PRE
AEPE POST BEPEFOST
AEIPRE | BEIPRE
AEIPOST B.EIRGST.
P B ODT PRE
AL B ODT POST
B DC PRE
ARLFRE B DC POST
ADC POST B R PR
APF PRE B PF POST
APF POST 3 3 5 b4
0 1 2 3

The medians illustrate the individual distribution of the abrasion patterns within the dentition used
for both the Rapid Relief and the Jubilee toothbrush. In addition, they characterise individual tooth
features (incisors, canines, premolars and molars) and the age of the test subjects who donated the
teeth.
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5.7.4 Mean value, variance, standard deviation and standard error

The empirical standard deviation (SD) is a scatter value that indicates how far measured values of a
random experiment scatter around the empiric mean value X. A high standard deviation suggests
widely spread data and is a measure of the significance of the mean value. SD can also be calculated
from the square root of variance. Empirical variance (=sample variance) indicates how widely the
feature characteristics are scattered around an expected value p. This can be used to estimate the
variance of a random variable. The smaller the sample size, the weaker the estimation becomes.
Dispersion is mostly underestimated. Therefore, a division by n-1 was made, reflecting a more accu-
rate population dispersion. Variance is the basis for further calculations, such as hypothesis tests.
The standard error (SE) is the empirical standard deviation divided by the root of the number of

cases. The standard error approaches zero as the number of cases increases.

= Table 18: Statistical values — manual toothbrush Rapid Relief

Rapid Re- | ¢am FAM AP AP EPE EPE El El | obT | oDT DC DC PF PF
lief PRE POST PRE | POST | PRE | POST | PRE | POST | PRE | POST | PRE | POST | PRE | POST
Mean x 1.29 0.86 1.43 1.57 0.86 1.14 1.57 2.14 0 0.57 2.14 0.43 1.14 1.57
Std D. SA 0.49 0.69 1.27 1.27 1.07 1.07 0.98 0.69 0 0.79 1.07 0.79 0.90 0.98
Variance
- 0.24 0.48 1.62 1.62 1.14 1.14 0.95 0.48 0 0.62 1.14 0.62 0.81 0.95
Sa
SE mean 0.24 0.35 0.64 0.64 0.54 0.54 0.49 0.35 0 0.39 1.07 0.22 0.57 0.79
Arithmetic mean value X, empirical variance s2, standard deviation s, (corrected (nil) ); standard error mean = SE= \/%
= Table 19: Statistical values — manual toothbrush Jubilee
. FAM | FAM AP AP EPE EPE El El obT | obT DC DC PF PF
Jubilee
PRE POST | PRE | POST | PRE POST PRE POST | PRE | POST PRE POST | PRE POST
Mean x 1.43 1.29 1.71 2.14 0.43 1.57 1.43 2 0 0.43 2.14 0.14 1.43 2.29
Std D. Sp 1.13 0.76 1.38 0.9 0.79 0.98 0.53 0.58 0 0.79 0.9 0.38 0.79 1.11
Variance
. 1.29 0.57 1.9 0.81 0.62 0.95 0.29 0.33 0 0.62 0.81 0.14 0.62 1.24
Sp
SE mean 0.57 0.38 0.69 0.45 0.40 0.49 0.27 0.29 0 0.40 0.45 0.19 0.40 0.56

s

vn-1

. . — .. . P 1
Arithmetic mean value X, empirical variance s? standard deviation s, (corrected ﬁ)" standard error mean = SE=
e

The means with relatively high standard deviations and consequently high standard error demon-
strated the individual distribution of abrasion pattern codes in the dentition used for the toothbrush
Rapid Relief and toothbrush Jubilee tests, characterising individual tooth characteristics (incisors,

canines, premolars and molars) and the age of the subjects donating the teeth.
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5.7.5 Hypothesis testing of abrasion patterns
Descriptive statistics of abrasion patterns coded for the first time in this report (Section 5.5 and 7.1)
are, from a clinical point of view, most important. However, hypothesis testing was executed for pre-
and post-brushing results (Wilcoxon signed-rank test) and manual toothbrush comparison (Rapid
Relief vs Jubilee) with the Mann—Whitney U test.

=  Wilcoxon signed-rank test (paired samples)

To measure the significance of changes in abrasion patterns within a model pre- and post-brushing
cycle, the Wilcoxon signed-rank test was applied. This test is the non-parametric counterpart to the
paired samples t-test. The advantage of the Wilcoxon signed-rank test is that it can be used even
when the sample size is small and variables are ordinally scaled, as in this case. The Wilcoxon signed-
rank test is often applied to medical scores.

H = There is no difference in grading of abrasion patterns of teeth pre and post toothbrushing.

H = There is a difference in grading of abrasion patterns of teeth pre and post toothbrushing.

= Table 20: W-test statistic of abrasion patterns

Rapid Relief Jubilee
W, w_ p w, w_ o]

FAM 6.5 21.5 0.1875 FAM 23 5 0.5

AP 17.5 10.5 0.5 AP 23 5 0.125
EPE 20.5 7.5 0.25 EPE 27.5 0.5 0.015625

El 25 3 0.0625 El 25 3 0.0625
oDT 23 5 0.125 oDT 20.5 7.5 0.25
DC 0 28 0.0078125 DC 0 28 0.0078125
PF 20.5 7.5 0.25 PF 26.5 1.5 0.03125

n=7; a=0.05(one-tailed), W iy < 3

The Wilcoxon signed-rank test (n =7; a = 0.05, 0.t.) demonstrated for both toothbrushes significant
differences for dental calculus removal (poc=0.0078) (Fig. 4 — Calculus removal). The control tooth-
brush also showed significant differences in the W-test for exposed prismatic enamel (pepe = 0.0156)
and peninsula formation (ppr=0.0313).

Due to numerous ties within the codes, tabulated W, ,_ were too conservative. Therefore, the W-
test tended to select the null hypothesis, increasing the probability of a 2nd type error. It can be
concluded that toothbrush Rapid Relief resulted in fewer wear changes of tooth morphology con-
cerning the sample. In contrast, toothbrush Jubilee exposed significantly more prismatic areas in

enamel and promoted the demasking of enamel peninsulas and enamel islands by abrasion.
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=  Mann-Whitney U test (independent samples)

Since morphological coding was ordinally scaled, the non-parametric Mann—Whitney U test was cho-

sen for hypothesis testing. The U-test is the non-parametric counterpart of the t-test for independent

samples and is distribution-free and, therefore, can be applied without verifying normal distribution.

The Mann—Whitney U test is based on the idea of ranking data. In other words, it is not calculated

with measured values, but these are replaced by ranks with which the actual test is performed. In

this case, cross-tabulations were created to determine the U-test statistics for each morphological

feature. The Mann—Whitney U test checks the difference between the two toothbrushes.

H, = No distinction between the pre and post difference values of toothbrush Rapid Relief and
toothbrush Jubilee concerning the dependent variable (= investigated abrasion pattern).

H = There is a distinction between the pre and post difference values of toothbrush Rapid Relief

and toothbrush Jubilee concerning the dependent variable (= investigated abrasion pattern).
Expectation value: yy = % = % = 24.5
If Z (table values 49 + 0.5) = 24.5 indicates that there is no difference between the central tenden-

cies of the toothbrush Rapid Relief (RR) sample and toothbrush Jubilee (J) sample.

= Exposed prismatic enamel (EPE):  For larger samples (> 20), the normal distribution could

EPE x be used as an approximation for calculating p-values. For

smaller samples, however, the value for p has to be cal-

1 0 |os| o |os| o] o] ol culatedprecisely.
0 0.5 1 0.5 1 05|05 |05
The test value U was tested for significance using the
1 0 0.5 0 0.5 0 0 0
Mann—-Whitney table.
1 0 0.5 0 0.5 0 0 0
2 0 0 0 0 0 0 0
Sample number: ny=7;n, =7; Uiz = 8;
1 0 | 021 0 05 0010 Level of significance: & = 0.05 (two-tailed), applied
2 0 0 0 0 0 0

to all morphological codes.

0
ZEPE=8.5

The Mann—-Whitney U test showed that the dif-

ference between EPEggand EPE;with respect to
the dependent variable was statistically signif- demonstrating significant difference for Jubilee exposing

Result: Only the feature exposed prismatic enamel (EPE)

reached the critical value of U..;; =8 and p = 0.038,

icant. U=8.5;p=0.038r=0.59 more prismatic enamel compared to Rapid Relief.

Thus, the null hypothesis for the abrasion pattern EPE was rejected.
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5.7.6 Statistical evaluation of 3D measurements

When assessing the volume loss of specific tooth types—namely, middle-aged anterior teeth A42,
B41, canine B43, and juvenile premolars A44 and B45—remarkably similar volume losses were iden-
tified in both toothbrush samples. Conversely, a relatively minor loss of substance was observed in a
middle-aged molar, likely attributed to the more pronounced convexity of the crown. It is important
to note that drawing definitive conclusions from the examination of a single molar is insufficient. Due
to its size, the molar had to be divided into two measuring units. The volume loss observed in B42

indicates an outlier. However, it Bar charts: Volume loss per tooth
is essential to acknowledge that
the cervical lesion of B42 was
already considerably more pro-
nounced at baseline of the ex-
amination, potentially render-

ing this tooth more susceptible

Volume loss [nl]

to abrasion. In general, the vol-

ume losses were greater with
the Jubilee toothbrush com- :

A42 A4d4 Ad6m Adé6d

Rapid Relief

B41 B42

Jubilee

B43 B45

pared to the Rapid Relief tooth-
brush.

Direct comparison of volume loss results showed considerable differences in mean values, range,
standard deviation and variance and the sum of volume loss values. The range (max—min) was very

susceptible to outliers, which is why the quartile distance (q3—q1) was more suitable.

= Table 21: Descriptive statistic Rapid Relief = Table 22: Descriptive statistic Jubilee
Volume Descriptive values: Volume Descriptive values:
Tooth Tooth
loss [nl] Toothbrush Rapid Relief loss [nl] Toothbrush Jubilee
Ad2 43 Mean x4 34.25 B41 55 Mean xp 87.75
A44 50 Median X,,e4 335 B42 188 Median X4 61
20-50 ) 41-188
A46m 20 Min—max B43 41 Min—max
(range: 30) (range: 147)
t a- — st ilo- (") =
Ad6d 94 1t Quartile: 25% | q1 =22 B4S 67 1% Quartile: 25% | q1=438
3" Quartile: 75% | q3=46.5 3" Quartile: 75% | 93 =127.5
Sum: ile: sum: | int tile: 79.5
ny =4 Interquartile: 24.5 ng =4 nterquartile
137 SD, 14.51 351 SDg 67.67
Sequence values: Sequence values: ' 5
Variance SD? 211 Variance SD3 4579.58
2024 43 50 415567 188

Dark green = max value,

= min value; SD = Std. deviation

= max value,

= min value; SD = Std. deviation
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= Bar chart: Mean volume loss and standard deviation

Volume loss [nl] The mean of volume loss due to
160 s toothbrush Rapid Relief is x4 = 34.25.
Lo The mean of volume loss due to
12 toothbrush Jubilee is xg = 87.75.
100 Difference of means: Xg — X4 = 53.5 nl
80 87|75 On average, the toothbrush Rapid Relief removed
60 53.5 nl less tooth structure than the toothbrush
45 o Jubilee. Wear extended 100 — 1,500 pum apical
- 34125 from the cemento-enamel junction. Standard de-
viation (SD) of Jubilee volume loss is larger than in
i Rapid Relief MiiGe Rapid Relief due to the large cervical lesion of in-

SD: Standard Deviation

cisor B42.

Due to the small sample size, the 95% confidence interval corresponds to the standard deviation.
The standard deviation value for the lower value of the volume loss is comparable in both bar charts.

However, the difference in the deviation from the maximum value is vast.

= Box plot: Volume loss comparison

Volume loss comparison In the boxplot for the Jubilee toothbrush, the median is

[nl]

close to the 1st quantile, while the Rapid Relief median is

positioned in the middle of its boxplot, represented by a

150
!

horizontal line inside each box. The size of the boxplots pro-

vides an indication of the distribution density. The colored

boxes denote the interquartile range, showcasing the spec-

100
!

trum where the middle 50% of volume loss values for each

sample are situated. Notably, due to the pronounced cervi-

o — cal lesion of tooth B42, the Jubilee toothbrush boxplot is

substantially larger than the Rapid Relief toothbrush box-

, , plot. This visualizes how the resulting volume losses with
Rapid Relief Jubilee
Toothbrush

the Rapid Relief toothbrush were more closely grouped to-
gether. The whiskers extend from the 5% to the 95% quan-

tile.

The lower and upper whisker is simply the lowest and highest volume loss value with only four sam-

ples: go.05= X|0.2]+1 = X1, 90.95= X[3.8]+1 = X4
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5.7.7 Shapiro—-Wilk test
The Shapiro—Wilk test has high statistical power compared to other normal distribution tests and
can be used for sample sizes as small as three observations. As a test statistic, the quotients of two

estimates are formed for variance. The Shapiro—Wilk estimator = b. The Shapiro—Wilk coefficients for

four samples are: al =0.6872; a2 =0.1677
b2 23.80232 b? 103.03082
Wy= (n-1)s2 63275 0.895; Wp = (n-1)s2 ~ 13739 =0.773

With a significance level of 0.05 and n=4, Wy,.;; = 0.748. Since Wy,jy < W, g the Hy hypothesis

cannot be rejected. Therefore, the assumption is that there is a normal distribution.

5.7.8 Quantile-quantile plot
The quantile—quantile plot was used to illustrate the distribution of the measured volume loss values,

as testing for normal distribution is fragile due to the small sample size.

= Quantile—quantile plot of Rapid Relief = Quantile—quantile plot of Jubilee

Quantile-Quantile Plot Quantile-Quantile Plot

Sample Quantiles
(=]
Yy
\
\
\
Sample Quantiles
Q
|

-1 -0.5 0 0.5 1

Theoretical Quantiles
Theoretical Quantiles

The quantile—quantile plot compares the theoretical quantiles of a normal distribution with the quan-
tiles of the measured values. If data is normally distributed, all points will lie approximately on the
middle line. The upper quantile for manual toothbrush Jubilee is slightly outside the normal distribu-

tion range, while the other quantiles line up near the centre line.

Further statistical analysis is precluded by the limited number of human tooth samples in this explor-
ative study. While the distinct mean values suggest a subtle advantage for the Rapid Relief tooth-
brush in preserving tooth structure over the Jubilee toothbrush, this hypothesis awaits confirmation
in subsequent studies. Nonetheless, the study does affirm that brushing results in the loss of dentin
and cementum, yet concurrently contributes to oral health by eliminating calculus and mitigating
iatrogenic damage to the tooth surface. It is noteworthy that most toothbrushes exhibit therapeutic
effects when used appropriately, underscoring the vital role of brushing in sustaining optimal oral

hygiene.
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5.7.9 ANOVA: Young vs old teeth

ANOVA (analysis of variance) is a hypothesis test that verifies whether the mean values of more than
two groups differ statistically significantly from each other. Independent two-factorial ANOVA can be
used to examine two factors within groups. This is interesting for this study because not only the
type of toothbrush but also the age of the teeth or a combination of toothbrush type and age of
teeth could influence the volume loss due to abrasion. As prerequisites for ANOVA, the measured
values must be independent, and the dependent variable, in this case the measured volume loss,
must be at least interval scaled. In addition, collected measurements should be generally distributed
in all groups, and the variance among each group should be homogeneous. However, if the group
size is over 30, ANOVA can be applied without normal distribution. ANOVA cannot be used for the
data collected in this pilot study because of the lack of homogeneity of variance between the two
samples and the fact that volume measurements were only performed on a limited number of good
teeth to verify the new methodology. However, based on the available data, it is worth considering
an appropriate 2x2 design for an ANOVA in a follow-up study. To demonstrate a suitable concept,
the measured volume losses of a young premolar and an old tooth of the respective manual tooth-
brush are considered hypothetical mean values of a larger sample. In the case of the toothbrush
Rapid Relief, the juvenile premolar A44 (14 yrs) with 50 nl and the middle-aged tooth A42 (40 yrs)
with 43 nl volume loss were used as hypothetical mean values. For the toothbrush Jubilee, the juve-
nile premolar B45 (13 yrs) with 67 nl and the middle-aged tooth B41 (40 yrs) with 55 nl volume loss
were selected as hypothetical mean values. ANOVA tests the error variance, i.e., the variance result-

ing from unknown influences and the effect variance caused by the independent variables.

1st main factor: The average volume loss through toothbrush Rapid Relief (RR) compared to Jubilee.
2nd main factor: The average volume loss on juvenile teeth compared to that on older teeth.

3rd main factor: The interaction effect between young and old in the respective toothbrush groups.

= Table 23: The 2x2 design table

Sample size: Rapid Relief (RR) Jubilee @ Means
n>15 X Volume loss [nl] X Volume loss [nl] X Volume loss [nl]
" Young 50 67 DXyoung = 58210l | BXyoung — DXo1a
" Old 43 55 Px,q = 48.2nl =10nl.
@ Means PXpr = 46 nl X jypitee = 610l | OXpypizee — DXgg = 151l

The bottom line represents the average of the two mean values (young and old) of the volume losses
in the tooth brushing cycle of the respective manual toothbrush. This describes the first main factor.
This factor was previously examined using a t-test on the total sample. It shows that the toothbrush
Rapid Relief removed on average 15 nl less tooth structure than toothbrush Jubilee. The right col-
umn in Table 18 describes the second main factor. Accordingly, the average volume loss in the juve-

nile teeth of both groups was more significant than the average substance loss in the older teeth of
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both groups. This could be related to the more resistant aprismatic enamel layer in older teeth, which
results from recurrent remineralisation processes. Consequently, 10 nl more substance was removed
from juvenile teeth than from older teeth across both toothbrush samples. Whether this difference
is random or significant would need to be investigated in a study with a larger selection. Of particular
interest is the interaction effect, which is explored here for the sample data using a graph. When the

lines drift apart in this diagram, it is called an ordinal interaction.

In this case, the choice of toothbrush seems to have a greater influence on substance loss in the

litaraction albace Tooth age: juvenile teeth than in the older

Mean Toothbrush*Tooth N, .
Volume loss [nl] PO C OUNe  teeth. Usually, the corresponding
= o " Ol
confidence interval is also included
50 in the chart. If substantial confi-
-~ dence intervals overlap, rejecting
55 &
the hypothesis of an interaction be-
0 @ tween the two main factors would
45 & be necessary. The graph again
makes it evident that in the case of
Rapid Relief Jubilee ) )
this exemplary sample, the brushing
Toothbrush

cycle with the Rapid Relief resulted
Figure 92: The interaction effect indicates that the volume loss by the flat i1, 1ess volume loss in both age cate-

gories (Fig. 92).

trim toothbrush Jubilee increases compared to the volume loss by the

toothbrush Rapid Relief with a flexible neck, especially in the juvenile teeth.

The results from the two-factorial ANOVA provide an opportunity to draw additional conclusions
regarding the potential impact of tooth age, the choice of toothbrush, and/or the interaction be-
tween these factors. These findings can be further tested using appropriate post-hoc methods. Ex-

ploring this observation in follow-up studies with a representative sample would be intriguing.
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6 Discussion

6.1 Replication technique

The replication technique has been a well-established method in scanning electron microscopy
(SEM) for decades, enabling the repeated examination of identical tooth specimens at various time
points (Roulet et al. 1989, Dietz et al. 2008, 2014, Montag et al. 2018). This approach offers the
advantage of enabling the observation of environmental effects, such as temperature fluctuations,
erosion, or abrasion, over extended periods.

Therefore, the replication technique is considered a
valuable diagnostic tool for monitoring the progres-
sion of tooth wear and quantifying the volume loss
due to wear (Bartlett 2003, Schlueter et al. 2005,
Preis et al. 2018). Any process involving the dehy-
dration and desiccation of teeth results in artifacts
(Fig. 93), making the indirect method of SEM inves-
tigations of teeth the recommended approach
(Roulet & Michellod 1984). The replication method

has proven to be a simple, reproducible method for

Figure 93: On the left an anterior tooth is shown whose

. . . . . . root surface has become cracked and brittle due to the
the non-invasive examination of micromorphologi- _ , , o
drying process required for direct SEM imaging. On the

cal changes in the cervical tooth region (Bevenius
and Hultenby 1991).

right an EDX image of the same tooth is shown.

6.1.1 Storage and pre-cleaning of human teeth

The experimental set-up with unprocessed human teeth is rarely chosen, as most classical evaluation
methods require flattening and grinding of the tooth samples (Shellis et al. 2011, Ishak et al. 2021).
However, the grinding process destroys the enamel’s natural roughness. The exposed tooth struc-
ture, which originates from deeper layers, does not correspond to the naturally exposed tooth sur-
face in the oral cavity (Camboni and Donnet 2016). The plant-derived phenol thymol has been used
in research as a storage solution for extracted teeth, due to its disinfecting effect. Thymol has both
a fungicidal and a bacteriostatic effect, particularly effective in concentrations of 0.2% and above.
However, the effectiveness of 0.1% thymol as a disinfectant is low, ranging from 0% to 13.3%, and
there are some gaps in the spectrum of effectiveness (Nawrocka and tukomska-Szymanska 2019).
Therefore, we used a solution of 1 g thymol in 50 ml 100% ethanol, and 950 ml distilled water for the
initial storage after teeth extraction. After pre-cleaning and polymerisation on model pins, teeth
were finally stored in 0.1% thymol with 0.9% saline at 4-6°C, comparable to the study by Witecy et
al. (2021). To remove stubborn residues from the cervical region of the tooth, especially in the juve-

nile premolars, we used 2% NaOClI solution, which was brushed onto the cervical region of the tooth
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for 5 minutes. Long-term treatment (> 16h) with 5% NaOCI can increase the number of focal holes
in the enamel and remove unmineralised precementum. However, on enamel surfaces treated with
5% sodium hypochlorite for only 10 minutes, the integrity and morphology remained unchanged
(Fejerskov et al. 1984). Therefore, Schroeder & Scherle (1988) as well as Bevenius & Hultenby (1991)
immersed tooth samples in 10% sodium hypochlorite for 20 minutes to remove adhering tissue res-
idues. Vossen et al. (1985) and Teaford and Oyen (1989) used 3% sodium hypochlorite for this pur-
pose. Absi et al. (1989) applied 1% sodium hypochlorite to exposed cervical dentin to remove organic
debris and promote infiltration of impression material into the dentinal tubules. The samples were
rinsed under running water immediately after applying NaOCl, as Risnes et al. (2019) recommended
to prevent surface alteration. To remove debris from the tooth surface a scavenger impression was
taken as described by Bevenius and Hultenby (1991). It is assumed that cleaning with a prophylaxis
brush and soap or water has no effect on the surface condition of the tooth structure (Risnes et al.
2019). Our first scanning electron microscopy examination revealed that even after brushing with a
prophylactic brush and scavenger impression, several teeth replicas still showed fine mineral gran-
ules of unknown origin on their surface. Therefore, Tubulicid Blue with 0.2% EDTA and benzalkonium
chloride was integrated for purification before the impression. This product reduces surface tension
and thus improves surface connectivity. Moreover, EDTA removes the smear layer, plaque, bacteria
and debris without opening or widening the dentinal tubules (Brannstrom et al. 1980). The substance
is considered harmless for both teeth and gums (van Dijken and Horstedt 1987). Immediately after
conditioning with EDTA, the tooth samples were rinsed under running water to remove acid residues
from the sample. Initially, the cleaning protocol also involved placing the teeth in distilled water in
an ultrasonic device for approximately 5 minutes. This procedure was adopted from an earlier stand-
ard operating procedure for replication technology. However, it is suspected that there is a positive
correlation between ultrasound treatment and the number of focal holes on enamel surfaces (Fejer-
skov et al. 1984). Therefore, this step was abandoned as it proved to be rather ineffective and may
damage fine structures and thin extensions of the enamel mantle towards the root if repeatedly used
(Risnes et al. 2019).

6.1.2 Adaptation of the replication technique

In earlier replication studies, mainly Epon 812 according to the recipe of Luft (1961) was used (Craig
et al. 1962, Lee and Neville 1967). Epon 812 penetrates quickly into the tissue while providing high
contrast. It is easy to cut and remains stable under an electron beam. After production of the original
Epon 812 formulation ceased in 1984 (Epon 812, Shell Chemical Company, Houston, United States),
numerous other manufacturers produced substitute products and sold them as equivalents. How-
ever, the various formulations sometimes deviate considerably from the original chemical composi-
tion. Some of these new equivalence products have even been improved in their properties and

continue to deliver excellent results in embedding and infiltrating tissue samples for SEM (Ellis 2014).
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In studies by Dietz et al. (2014) and Montag et al. (2018), Serva’s product (Glycidether 100, Serva,
Heidelberg, Germany,; CAS Number: 90529-77-4, 1,2,3-Propanetriol glycidyl ether GE 100) was cho-
sen as an Epon 812 equivalent, which allowed detailed imaging of the delicate tooth structures in the
scale of 0.1 um. Because Serva’s epoxy resin was unavailable at the beginning of this study, a choice
was initially made for an alternative Epon 812 substitute (Epoxy embedding kit, Sigma-Aldrich, St.
Louis, Missouri, United States; CAS Number: 25038-04-4; 1,2,3-Propanetriol, polymer with 2-(chloro-
methyl)oxirane). The polymerisation of Epon 812 equivalents takes place at 60°C for at least 48 hours.
Although the steps from previous studies were followed precisely, unexpected problems occurred,
as shown in Figures 94-96.

428 sty

Figure 94: When using the A-silicone Pa- Figure 95: If alcohol was used to dry the Figure 96: On some replications,

nasil (Panasil initial contact X-Light, Ket- surface, silicone was torn out during de- white spots or black tufts of indis-

tenbach, Eschenburg, Germany), leaked vesting after curing at 60°C, which stuck to  tinct origin appeared on the sput-

silicone oil caused round depressions on the replica surface. tered surfaces.
the surface of the replica, which prohibited

a morphological assessment.

To ensure impressions to be taken in patients’” mouths, various A-silicones and polyethers used in
dentistry were tested for their potential suitability for the replication technique. The clinical ad-
vantages of an automated dispensing system for the addition of silicone elastomer impression ma-
terials have already been described by Craig (1985) and Keck (1985). Ultimately, Affinis (Affinis Putty
Soft and Affinis light body, Coltene Holding AG, Altstétten, Switzerland) was selected, as this A-sili-
cone consistently delivered the most reliable and detailed results. Its compatibility with polyurethane
and epoxy resin was confirmed in the instruction manual (Fig. 93). The suspicion arose that contem-
porary dental impression materials might establish a chemical bond with the epoxy resin at the nec-
essary curing temperature of 60°C, potentially causing silicone residues to adhere to the tooth repli-
cas during deformation (Fig. 94). Therefore, multiple experiments were conducted using various
cold-curing epoxy resins. Recent advancements in replication techniques also indicate a shift towards
the use of cold-curing replication materials. Roulet et al. (1989) and Stricker and Gohring (2006) used
Stycast (Stycast 1266, Emerson & Cuming, Westerlo, Belgium) as an epoxy resin for the replication
techniqgue. In Schlueter et al. (2005), the epoxy resin Blue Star was designed explicitly for model fab-
rication. Behr et al. (2009) used Epoxy Die (VP 1031, Ivoclar-Vivadent, Schaan, Liechtenstein) for rep-

lication to compare the marginal adaptation of three self-adhesive resin types. Dental materials and
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teeth were repeatedly examined for wear in a chewing simulator at the University of Regensburg.
Traditional methods with Epon 812 were used for their SEM evaluation. More recently, however,
also a cold-curing epoxy resin (Rencast, CW 2215, RenShapes Solutions — Huntsman Corporation, Salt
Lake City, United States) has been adopted for the replication technique (Aschenbrenner et al. 2012).
Frankenberger et al. (2012) used a polyurethan (AlphaDie MF, Schuetzdental, Rosbach v.d. Héhe,
Germany) to replicate third molars to evaluate the marginal quality of CAD/CAM glass-ceramic inlays.
However, most of these products have since been withdrawn from the market by the suppliers and
were unavailable for this trial. Therefore, we started our material tests for replication. The first cold-
curing epoxy resin (Epoxy Minute Adhesive, Weicon, Miinster, Germany) showed striation during our
pilot testing, and the bucket preparation (Casting resin MS 1000, Weicon, Miinster, Germany) exhib-
ited bubbles during mixing despite a vacuum. Hence, the decision was made to transition to a car-
tridge system, similar to impression material. However, the polyurethane cartridge system (Easy Mix
PU Crystal, Weicon, Miinster, Germany) did not meet expectations. Ultimately, the preference was
for unfilled epoxy resin (Easy-Mix N 5000, Weicon, Miinster, Germany), which exhibited superior
detail accuracy when compared directly with the reproduced coins (Fig. 26; Section 4.9). The repro-
ducibility of the replication technique was ensured by providing a detailed standard operating pro-
cedure. However, it must be taken into account that replicating tooth surfaces with impressions be-
fore scanning microscopy adds an additional source of error. In addition, the accuracy of scanning
and software alignment methods also affects the process’s overall accuracy (DeLong et al. 2003). In
accordance with Lambrechts et al. (1984), inaccuracies in results often stem from flawed replication
techniques, repositioning challenges, and limitations in measurement equipment. Consequently,

considerable attention was dedicated to refining these parameters in the current study.

6.2 Advantages of the robot simulation

The notable benefit of employing a robot-assisted in vitro method lies in its capacity to examine
extended tooth wear processes within a condensed timeframe and standardized conditions. This
ensures the comparability and reproducibility of the recorded wear outcomes. Parry et al. (2008)
have outlined a set of crucial parameters to be controlled in in vitro toothbrushing simulations, as
these factors markedly influence the resultant tooth wear (Table 5; Section 4.5 and Appendix 10). In
general, the use of a combined toothbrush/dentifrice abrasion concept is recommended (Wiegand
et al. 2009). Given the ability to control specific aspects, their impact can be investigated inde-
pendently of other factors (Wiegand and Attin 2011, Lee et al. 2012, Hamza et al. 2021). These in-
clude the abrasiveness and composition of the dentifrice, the configuration and filament stiffness of
the toothbrush (soft, medium, hard) and the behavioural aspects, such as brushing technique, brush-
ing force applied, brushing speed, brushing temperature (impact on slurry viscosity and particle sus-

pension), number of brush strokes and frequency of brushing.
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6.2.1 Brushing machines

Various brushing machines and wear test concepts were employed, differing significantly in crucial
parameters like force, contact geometry, and lubrication. This divergence posed challenges for con-
ducting a comprehensive comparative analysis of the wear data (Heintze 2006). The original British
Standard (BS5136: 1981) requires a flat-bed toothbrush simulator for wear testing. Thus the hori-
zontal brushing Grabenstetter V-8 brushing machine was used frequently in the past (Grabenstetter
et al. 1958, Hefferren 1976, Ledder et al. 2019). Subsequently, other brushing machines were de-
vised, incorporating innovations such as vertical strokes (Bjorn and Lindhe 1966) or a rotating brush-
ing motion (Harrington et al. 1982). Ernst et al. (1997) employed a six-axis robot to evaluate the
efficacy of electric toothbrushes in plaque removal. The clinically validated robot used in this study
was designed to allow rapid and reproducible in vitro testing of both manual and electric tooth-
brushes with different toothbrushing programmes. In combination with computer-assisted planimet-
ric plaque assessment, it became possible to review new prototypes with reference toothbrushes for
their cleaning efficiency (Gangler et al. 2013, Lang et al. 2014, Acherkouk et al. 2022). The quantita-
tive investigation of tooth wear in this study represents a further area of application for the estab-
lished robot system. Depending on the brush movement applied, whether horizontal, vertical or ro-
tating, the resulting abrasive volume loss could be different. Parry et al. (2003) concluded that a
rotating brushing machine observed the most remarkable and most reproducible abrasion depth.
However, this observation cannot necessarily be transferred to our robot, as each brushing machine
has its own distinctive brushing pattern. This once again highlights the technical challenges of accu-

rately mimicking brushing in vivo.

6.2.2 Alternative: In vivo models

In vivo wear studies use devices with tooth samples that can be worn inside the mouth but brushed
and examined outside. This allows an investigation of the multifactorial wear behaviour on teeth
under natural formation of a salivary pellicle while preserving the sensitivity of laboratory analyses
and interactions with other toothbrushing parameters (Jaeggi and Lussi 1999). The drawback of this
method lies in its time-consuming and costly nature, with results prone to significant variations due
to patient-related factors (Hara et al. 2014, 2021). Tooth wear is a slow process, influenced by par-
ticipant compliance. Standardizing brushing behaviour is crucial for a clinical study, ensuring homo-
geneity. Dietary factors also play a key role during extended appliance wear (Lewis and Dwyer-Joyce
2005). Mechanisms such as erosion and abrasion can co-occur to varying degrees, making it chal-
lenging to isolate decisive factors influencing the wear process (Lewis and Dwyer-Joyce 2005). Indi-
vidual differences in oral hygiene habits and tooth alignment or saliva composition can significantly
influence the outcome. By contrast, the in vitro method allows precise control of the environment
and the variables that influence the wear process of the tooth structure and materials (Lambrechts
et al. 2006, Lee et al. 2012).
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6.2.3 Average brushing duration
An old study by Macgregor and Rugg-Gunn (1985) found an average toothbrushing time of 33s in

young adults, and Beals et al. (2000) reported 46s. Several more recent video studies have however
observed a significant increase in average tooth brushing time. Over the last 20-30 years, oral hy-
giene in industrialised countries has improved significantly and most people brush their teeth twice
a day for about 90 to 120 seconds on average (Saxer and Yankell 1997). This is in line with the rec-
ommendation of the German Bundeszahndrztekammer (DGZMK). Ganss et al. (2009) recorded an
average brushing time of 96.6s and Eidenhardt et al. (2021) 196s. When participants were asked to
brush their teeth to maximum cleanliness, toothbrushing time was more than 120s in Winterfeld et
al. (2015), 135sin Ganss et al. (2018) and 200s in Deinzer et al. (2018). In interpreting observational
study results, it's crucial to consider the Hawthorne effect, where participants modify behaviour
when aware of being observed. Nevertheless, findings indicate that conscientious individuals invest
more time in tooth brushing. The ongoing debate questions whether excessive brushing results in
heightened tooth wear with no added benefits (Wiegand and Schlueter 2014). Van der Weijden et
al. (1993) found that, even with brushing times extending to 6 minutes, no significantly improved
plague control was observed compared to a 2-minute duration. This is due to a lack of systematic
toothbrushing. If brushing time is increased, the same tooth surfaces are usually brushed repeatedly
and unnecessarily (Petker-Jung et al. 2019, 2022). Addy and Hunter (2003) showed that abrasion is
a time-dependent process. Van der Weijden Ga et al. (1993) and Jaeggi T and Lussi (1999) recom-
mended a toothbrushing time of 30-45 seconds per quadrant for optimal cleaning efficiency with
minimal abrasion impact. Recommended cleaning times vary depending on the region, from 120s in
Europe (Jordan et al. 2014) to 180s in the USA (ADA.org 2017). Nassar et al. (2018) found that brush-
ing teeth three or more times a day increases abrasion on tooth surfaces. Accordingly, this study is

based on the general recommendation to brush teeth for 120s twice daily.

6.2.4 Brushed tooth surfaces

One noticeable aspect of video observation studies was that the brushing time is not evenly distrib-
uted across all tooth surfaces. It is often observed that the inner surfaces of teeth are greatly ne-
glected (Macgregor and Rugg-Gunn 1979, Ganss et al. 2018). Winterfeld et al. (2015) found that
participants brushed buccal surfaces approximately twice as long as the lingual surfaces. Schlueter
et al.’s (2018) video observation studies could consistently demonstrate that subjects rarely show
systemic brushing of all tooth surfaces. Therefore, the collected data on brushing movements mainly
reflect the brushing behaviour of the buccal tooth surfaces, followed by the occlusal surfaces. This is
consistent with our video observations. Subjects switched unsystematically between different re-

gions of the dentition and focused mainly on brushing the buccal surfaces of the teeth.
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6.2.5 Toothbrush motion frequency

The extensively cited Heath and Wilson (1974) study reported an average toothbrush motion speed
of 4.5 Hz. More recent Japanese studies, such as Tosaka et al. (2014) using a strain gauge and accel-
erometer, recorded average brushing motion speeds of 4.53 Hz buccally and 4.23 Hz lingually, align-
ing with our findings. Inada et al. (2015) utilized a 3D optical motion analyzer, measuring an average
frequency of 3.91-4.56 Hz, varying by brushed region. Huang and Lin (2016) recorded toothbrushing
movements using using various sensors, with a peak elbow movement frequency of 4.5 Hz. These
results align with our video observation study, demonstrating average movement speeds of 4.2 Hz
for rotating, 4.5 Hz for horizontal, 3.5 Hz for vertical. Concerning the wear results, the robot's lower
motion frequency is negligible, as confirmed Parry et al. (2008), where variations in brushing speed

showed no significant impact on dentin abrasion depth.

6.2.6 Calculation of brushing strokes

The literature displays considerable variability in the reported number of brush strokes per tooth.
For instance, Addy et al. (2002) estimated an average brushing time of 10 seconds for the buccal
surface based on video observations. This aligns with the assumption by Schlueter et al. (2018), who
observed that at least half of the time, brushing is predominantly buccal. Ten seconds is half the
recommended brushing time (20s) for a sextant (Rodriguez and Bartlett 2010). This resulted in
31,680 strokes in one year and a total of 95,040 strokes per buccal tooth surface during the sim-
ulated three-year toothbrushing period. Sabrah et al. (2018) and Turssi et al. (2019) simulated ten
years of toothbrushing with a total of 55,000 double strokes on tooth samples. The assumption is
that during a brushing time of 20 seconds per sextant, each tooth surface (buccal, lingual, occlusal)
is brushed for about 6 seconds in equivalent proportions. The 6 seconds per surface is claimed to
result in 15 brushing strokes per tooth surface per day, resulting in 5,475 brushing strokes/tooth
surface/year (Turssi et al. 2019a). But an average motion speed of 4.5 Hz would result in 27 brushing
strokes per tooth surface. The study also assumed that teeth are brushed three times a day. This
would result in 81 strokes per tooth surface/day. In a subsequent investigation Mazzolani et al.
(2019) it was assumed that there were 15 brushing strokes per surface during each brushing cycle,
twice daily, resulting in approximately 10,950 brushing strokes per tooth surface per year. However,
the clinical extrapolation of the performed brushing strokes remains unclear and inconsistent. Nota-
bly, a Swedish study group (Liljeborg et al. 2010, Tellefsen et al. 2011, Johannsen et al. 2013) also
cited 15 brushing strokes per tooth surface per brushing cycle, referring to the study by Sexson and
Phillips (1951). It is crucial to recognize that the quoted study investigated denture acrylic wear over
time due to brushing and various cleaning agents, observing that denture owners cleaned their den-
tures twice daily with approximately 15 brush strokes each time. Therefore, this reference may be
misleading when justifying the assumption of 15 strokes per tooth surface per day. Wiegand and

Attin (2011) similarly assumed that during a single session, each tooth surface is brushed for 15
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strokes or less than 5 seconds using an electric toothbrush under clinical conditions. Nassar et al.
(2014) concluded, based on several of their pilot studies, that an average toothbrushing session in-
volves approximately 50 brushing strokes per tooth, assuming a motion speed of 3.3 Hz. Given that
many individuals are unlikely to adhere to the recommended 20 seconds for brushing a sextant in
their daily oral hygiene routine, adopting half the recommended time may offer a more accurate
representation for the general population. However, this study aimed to quantify the abrasion at
maximum utilisation of the recommended brushing time. However, extrapolation from in vitro data
to the clinical situation should be interpreted with caution. In vitro studies tend to result in higher
wear than clinical ones. Therefore, in vitro methods represent a worst-case scenario for the abrasion
caused by toothbrushing (Hunter et al. 2002). This is partly because biological factors such as salivary
flow and protective pellicle effects cannot adequately be simulated in vitro because of the lack of

recovery periods between brush cycles (Wiegand and Attin 2011).

6.2.7 Frequency of toothbrushing techniques

The choice of brushing technique significantly impacts both the cleaning effectiveness and the abra-
sion process (Heasman et al. 2015). Historically, horizontal brushing was widely employed (Rugg-
Gunn et al. 1979). However, horizontal brushing is now recognized as potentially harmful, more fre-
qguently causing gingival injuries. As a result, it is only recommended for children up to the age of 3,
who may lack the manual dexterity for a gentler technique (Mierau et al. 1989, Mierau 1992). Ac-
cording to Bergstrom and Lavstedt (1979), significantly more subjects were affected by wedge-
shaped cervical lesions when brushing their teeth with the horizontal technique. With an escalation
in the frequency of daily toothbrushing, there was a corresponding rise in the severity of cervical
abrasion lesions. Attin (1999) hypothesised that hard tooth tissue reacts particularly sensitively to
horizontal brushing due to its specific properties. This assumption was later confirmed by Dzakovich
and Oslak (2008). Nevertheless, the elevated abrasion of tooth structure associated with this tech-
nigue may be attributed to the typically greater force applied in the horizontal method. As a result,
the DGZMK recommends the modified Bass or rotating Fones technique for daily oral hygiene prac-
tices (Schiffner 1995). However, participants lacking prior guidance on tooth brushing were more
inclined to adopt the horizontal brushing method. In a recent study by Ganss et al.(2018), horizontal
movements were observed during almost 60% of the brushing time in clinical practice, while rotating
or vertical movements accounted for only about 30% and 2% of the brushing time, respectively. Sim-
ilarly, in Deinzer et al.’s (2018) sample, 40% of the outer surfaces were brushed using horizontal
strokes. Eidenhardt et al. (2021) also found that despite years of promoted knowledge, young people
predominantly employ horizontal movements when brushing their teeth. Therefore, the robot exe-
cuted the horizontal scrubbing program for almost twice the duration (34 seconds) compared to the
rotating (19 seconds) or vertical (22 seconds) brushing programs. However, with increasing age, the

willingness to brush the outer surfaces with rotating movements increases (Ganss et al. 2018). In our
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video observation study, the brushing techniques were observed with the following frequencies: 40%
rotation, 29% horizontal, 10% vertical, and 22% mixed. This aligns with current observational studies
(Schlueter et al. 2021, Petker-Jung et al. 2022). Therefore, for future studies, it may be considered

to enhance the number of rotating movements executed by the robot.

6.2.8 Brushing force

Patients with commendable oral hygiene frequently encounter heightened gingival recession and
tooth wear (Burgett and Ash 1974). It is presumed that individuals with more severe effects also
exert greater force during tooth brushing. Phaneuf et al. (1962) illustrated a correlation between the
force applied during brushing and the loss of tooth structure. In an in vitro study by Hotz (1983),
equivalent substance removal was accomplished by either doubling the brushing force or doubling
the brushing time. Mierau and Spindle (1984) observed a median force of 3.75 Newton (N) in a group
with multiple gingival recessions. Volk et al. (1987) found that individuals with wedge-shaped cervical
lesions performed brushing with an average force of 2.9 £ 0.4 N, while the average force of probands
without cervical abrasion lesions was 2.1 £ 0.3 N. Van der Weijden et al. (1998) established an aver-
age toothbrushing force of 3.23 N, with individual variances ranging from 1.7-7.01 N. Elevated con-
tact forces correlated with greater gingival recession, consequently fostering cervical abrasion le-
sions. Heasman et al. (1999) observed a median force of 2.97 N with the manual toothbrush. One of
the electric test toothbrushes featured a controlled pressure system. The threshold for the “click
force”, at which the brush head bent back with a loud click, was set at 2.6 N. Claydon (2008) also
observed that several of his probands brushed their teeth with more than 3.0 N. Ganss et al. (2009)
reported that 70% of the probands brushed their teeth with a mean total force of between 1.6 and
2.8 N, while as many as 17.5% used 3.0 N or more. Men, on average, applied a significantly higher
maximum brushing force of @ 5.7 £ 1.9 N, whereas women, on average, only applied a maximum
force of Y4.9+ 1.4 N. On average, a brushing force of 2.5+ 0.8 Nand ?2.1+0.7 N was applied.
Since abrasion of tooth structure is related to brushing force, this could be a reason why men tend
to be more affected by cervical abrasion lesions (Parry et al. 2008). Demarco et al.’s (2021) con-
ducted a multilevel data analysis, affirming that women exhibit a lower prevalence of non-carious
cervical lesions compared to men. Additionally, smokers demonstrated a significantly heightened
occurrence of wedge-shaped lesions. This may be attributed to the use of more abrasive dentifrice
for discoloration removal and the application of greater brushing forces to eliminate staining. More-
over, Addy et al. (1987, 1990) and Tezel et al. (2001) delved into the impact of handedness. Never-
theless, perspectives on this matter diverge, with Ganss et al. (2009) subsequently refuting the hy-
pothesis regarding the influence of handedness. However, according to (Van Der Weijden et al. 1996,
Van der Weijden et al. 1998, Lang et al. 2014) it was found that an increase in efficiency of plaque
removal is evident only up to about 4 N. Elevated brushing force solely amplifies tooth wear without

conferring additional benefits. This phenomenon is ascribed to the dispersion of brush filaments
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under higher forces, resulting in diminished cleaning efficacy. Mierau et al. (1989) found no detect-
able abrasion lesions from brushing at forces less than 2 N. Kramer and Klemke (1995) therefore
proclaimed a general cleaning force below 2 N to avoid long-term tooth wear damage. Patients strug-
gling with pressure control may find electric toothbrushes with pressure sensors to be beneficial
(Klocke et al. 2015). Ganss et al. (2009) have shown that even demineralised organic dentin matrix
is remarkably resistant to mechanical impact at a force under 2 N. Japanese people generally brush
their teeth with significantly lower forces of about 1 N due to the pen-like holding of a toothbrush
(Hasegawa et al. 1992, Tosaka et al. 2014). In summary, most users of manual toothbrushes typically
apply a brushing force of about 1.5 to 3.75 N. Therefore, in this study, a clinically relevant contact
force of 3.5 N was defined based on the available data to ensure the measurability and reproducibil-

ity of wear results (Hamza et al. 2022).

6.2.9 Artificial oral cavity

The abrasiveness of various dentifrice suspensions on tooth structure has been studied for several
decades (Stookey and Muhler 1968). There is a consensus that the risk—benefit ratio favours today’s
dentifrices if commonly used (Addy and Hunter 2003). In vitro model studies have indicated that
lifelong toothbrushing causes negligible abrasion on the surface of sound enamel (Addy and Hunter
2003). However, the scenario changes with enamel that has been softened by erosion (Attin et al.
1997). Additionally, dentin, in particular, has been proven to be much more susceptible to the abra-
siveness of dentifrice (Hooper et al. 2003, Lippert et al. 2017). Excessive brushing or using highly
abrasive dentifrices has been shown to increase tooth wear and dentin hypersensitivity in numerous
erosion studies (Radentz et al. 1976, Addy 2005, Gonzalez-Cabezas et al. 2013). Both the abrasive-
ness of dentifrice as well as its fluoride content are considered relevant parameters for the observed
extent of erosion and abrasion (Wiegand and Attin 2011). When using fluoride-containing dentifrice,
some authors showed the protective effect against tooth wear (Davis and Winter 1977). Especially
in erosion studies, less wear of dentin and eroded enamel was recorded when fluoridated dentifrice
was used (Bartlett et al. 1994, Hara et al. 2009). Since most dentifrices on international markets
contain fluoride, it is reasonable to use fluoride-containing dentifrices when simulating clinical con-
ditions in anin vitro abrasion study. The abrasiveness of dentifrices is traditionally determined by the
relative enamel abrasivity (REA) (Wiegand et al. 2008), and relative dentin abrasivity (RDA) values
(Imfeld 2010). An RDA value of 151-250 is considered highly abrasive, 70—150 moderately abrasive
and < 70 less abrasive (Giles et al. 2009). With an RDA value of 50-60, the dentifrice Sensodyne extra
fresh is classified as low-abrasive and gentle on tooth substance. In in vitro studies, dentifrices are
commonly used as slurries, as they are diluted by saliva in the clinical situation (Gonzalez-Cabezas et
al. 2013). The usual mixing ratio between dentifrice and water is 1:2 to 1:4. In this study, a slurry ratio
of 1:3 was used, just as by Wiegand et al. (2013). Controlled temperature settings and straight teeth

rinsing reproduce the oral cavity’s physiological conditions. The experimental set-up in this study was
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designed to simulate 1 g of dentifrice on teeth for 2 minutes, corresponding to the average dentifrice
consumption per brushing session (Saxer et al. 1998). To keep abrasive particles in suspension, the
slurry was regularly agitated in addition to a peristaltic pump to ensure homogeneity. Simultane-
ously, foaming due to excessive stirring should be avoided (Parry et al. 2008). Litonjua et al. (2004)
developed a similar principle, where the sludge was applied through a tube on the toothbrush head.
Joiner et al. (2008) suggested using sodium carboxymethyl cellulose to prevent slurry particles from
precipitating. In Wiegand et al. (2008), silicone antifoam was added to slurries to avoid foaming dur-
ing brushing. However, the use of additives in the slurry could alter its properties, impacting clinical
transferability. Hence, no additives were introduced in this study, maintaining a pH value of 7.4 to
eliminate unintentional erosive effects on tooth surfaces. It's noteworthy that silica and calcium car-
bonate dentifrices led to increased enamel abrasion in specific cases with rising temperature (Parry

et al. 2008). Therefore, room temperature was kept constant at 22°C.

6.2.10 Manual toothbrushes

Modern dentistry has brought many innovations in oral hygiene products. Despite the many new
electric toothbrush models, manual toothbrushes remain popular due to long-standing habits. Ac-
cording to a recent survey from Oral Care (2021), more than half of the respondents in Switzerland
are still using manual toothbrushes. And according to the latest representative population survey by
(Zimmer and Lieding 2014), 53% of respondents in Germany reported using manual toothbrushes.
Relevant mechanical properties and potential impacts of commercial toothbrushes include the con-
figuration of the bristle filaments, the ability to maintain tooth-to-surface contact and the potential
for injury to the gums (Niemi et al. 1984, Imfeld et al. 2000). Breitenmoser et al. (1979) found that
trimmed bristle ends caused significantly more gum injuries than rounded bristle ends. Danser et al.
(1998) demonstrated that bristle end curvature influences the toothbrush’s abrasive effect. In 2016
the American Dental Association recommended rounded bristle ends as they provide a gentler clean-
ing of the tooth surface. Most of the filaments used in toothbrushes originate from the brand man-
ufacturer DuPont. The manual toothbrushes, Rapid Relief and Jubilee, were crafted with rounded
bristle filaments, both labelled as soft. Assessing the actual hardness of these toothbrushes, catego-
rized as hard, medium, or soft, poses challenges due to the absence of industry-standard parameters.
Typically, filaments labelled as hard have a larger diameter. Certain studies propose that soft tooth-
brushes may expedite the wear process, possibly due to their denser packing, leading to an increased
effective contact area with the tooth surface (Dyer et al. 2000, Wiegand et al. 2008, 2009, Bizhang
et al. 2016). But based on these results, the stiffness of toothbrush filaments has only minor signifi-
cance for abrasion. However, alternative studies have suggested that the use of hard toothbrushes
may elevate dentin wear, contributing to the emergence of cervical abrasion lesions (De Boer et al.
1985, Lippert et al. 2017). According to Hamza et al. (2021, 2022), soft bristles, once the brushing

force reaches 4 N, are deflected further with higher brushing force and therefore contribute fewer
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abrasive particles to the dentin surface than medium bristles. Thus, the recommendation is that a
soft toothbrush is safer for preventing gingival recessions and tooth wear. In summary, it can be
assumed that the abrasiveness of the dentifrice is the most crucial influencing parameter for abra-
sion of the tooth structure, with the toothbrush acting only as a carrier and thus transporting the
effect of the abrasive depending on filament arrangement (Addy 2005, Wiegand et al. 2008, 2009).
Tooth wear could also be influenced by the arrangement of the artificial gingival margin, which may
deflect brush filaments in different patterns (Litonjua et al. 2004). In addition, the toothbrush Rapid
Relief has been equipped with tapered bristle filaments. Bizhang et al. (2017) and Turssi et al. (2019)
found that flat-trimmed toothbrushes caused more abrasion lesions than tapered toothbrushes. Ta-
pered filaments are considered more flexible and gentle on the gingiva and tooth structure due to
their thin, pointed ends (Versteeg et al. 2008). In addition, tapered filaments reach difficult-to-reach
areas such as fissures on the occlusal surface or the approximal margin better than other configura-
tions of bristle ends (Hoogteijling et al. 2018). Innovations in developing new toothbrush models also
focus on the shape of brush heads and filaments and the design of brush handles and necks. To
prevent harmful effects from excessive force, the toothbrush Rapid Relief has a flexible neck design
to moderate exerted force when brushing. Acherkouk et al. (2022) showed that manual toothbrushes
with flexible necks flexed 2.0 to 2.5 times more than reference toothbrushes with rigid necks under
the same force applied to the toothbrush head. In addition, the flexible neck due to a ball joint im-
proved biophysical brushing action and is designed to reduce the risk of tooth wear, gum recession

and dentine hypersensitivity.

6.3 Toothbrushing-induced morphological changes

Due to tooth wear mechanisms, the morphology and contours of tooth surfaces change over time.
These mechanisms include enamel infractions, non-carious cervical lesions and exposure of dentin
(Eccles 1979). Various coding systems were historically employed to assess tooth surfaces (refer to
Table 24), often focusing on specific aspects such as the development of abrasion marks or infrac-
tions resulting from different polishing methods (Donachie and Walls 1995, Bartlett et al. 2005). Hu-
man teeth continually undergo transformations due to aging and environmental factors, resulting in

notable differences between older and younger teeth.
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Table 24: Examples of SEM investigations of tooth surfaces and indices for assessing surface features

Index name

Description

Reference

Evaluation of the appearance of perikymata and prismatic portions on

teeth of various ages using replicas under SEM.

(Scott et al. 1949)

Enamel surface

Five-stage score for assessing the enamel surface under SEM after

(Zachrisson and Arthun

index (ESI) debonding brackets and applying different polishing techniques. But | 1979)
also, for determination of irregularities on the enamel surface of aged | (Zachrisson et al. 1980)
teeth.

Surface rough- | For the evaluation of enamel surface after various bracket debonding | (Howell and  Weekes

ness index (SRI)

procedures under SEM. Grade A-D. Focus on changes in abrasion marks.

1990, Hong and Lew
1995)

Enamel damage

For the evaluation of enamel surface after various bracket debonding

(Schuler and van Waes

index (EDI) procedures under SEM. Grade 0-3. Focus on changes in abrasion marks, | 2003)
but also taking into account the perikymata.
Enamel score Three scoring grades for the assessment of abrasion marks on the | (Kontturi-Nédrhi et al.

enamel surface in the SEM.

1990)

Cementum score

Three scoring grades for the assessment of abrasion marks on the root

surface in the SEM.

(Horning et al. 1987)

Enamel, cemen-

tum and debris

Combination of Enamel and Cementum Score for the evaluation of tooth

surface under SEM after the use of different polishing systems.

(Chowdhary and Mohan
2018)

score
Evaluation of early enamel and dentin cracks under a dental operating | (Clark et al. 2003)
microscope at 16x magnification and classification into three types of
different severity.

Tooth  surface | To assess the surface smoothness, the presence of abrasion marks and | (Camboni and Donnet

comparison in- | debris under SEM after the use of different polishing systems. 2016)

dex

Classification of infractions into three different types (horizontal, verti-

cal, complex) using optical coherence tomography.

(Segarra et al. 2017)

6.3.1 Functional abrasion marks (FAM)

Brasch et al. (1969) employed the replication technique to assess dentifrice abrasiveness by examin-

ing abrasion marks on enamel surfaces. Wright (1969) demonstrated that hard abrasive particles

generate distinct abrasion marks. Rajstein et al. (1979) systematically brushed teeth using a brushing

machine with dentifrice or saline solution and evaluated resulting abrasion marks through SEM.

Enamel exhibited minimal changes in abrasion marks, whereas cementum saw an increase with

brushing duration, attributed to the hardness of abrasion particles. This led to the conclusion that

dentifrice primarily causes abrasion marks, with saline brushing exerting only a minor influence (Li-

tonjua et al. 2003). On tooth surfaces, features of the worn surface have already been found to var-
ying degrees in previous studies. These include abrasion marks running horizontally, vertically or

transversely, elongated infractions or even rough isodiametric pits (Walker et al. 1978). Mechanical
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wear of the tooth surface removes tiny amounts of material from tooth surfaces, accumulating over
time and becoming visible as macroscopic wear. Microwear can already occur at forces of 1 mN or
less (Lucas and van Casteren 2015). The occurrence of abrasion marks and infractions depends on
various factors, including mechanical stress, individual brushing habits, different compositions of
hard tissues and the age of teeth. Tiny, sharp particles with a greater hardness than enamel, such as
sand and grains, can also cause abrasion marks when gliding over the surface. Some research groups
have made efforts to deduce the community’s diet based on micro-abrasion marks on fossil teeth
(Ungar et al. 2006, Constantino et al. 2010). A static indentation creates a dimple (pit), while an ad-
ditional translational movement leads to an abrasion scratch. However, scratches seem much easier
to create than pits (Sharp et al. 1993, Lucas and Omar 2012). Coarse abrasive particles in some den-
tifrices can also cause abrasion marks, especially when teeth are brushed with great force. According
to Scott et al. (1949), the percentage of abrasion marks on tooth surfaces has remained relatively
constant over the years. In a comprehensive study of the appearance of the tooth surface in various
age groups, Mannerberg (1961, 1964) determined that changes in morphological features were as-
sociated more with toothbrushing habits than age. Additionally, Mannerberg concluded that altera-
tions in the extent of abrasion marks could be attributed to enamel remineralization processes. Sax-
ton (1976), in an assessment of a two-week toothbrushing program, observed the continuous emer-
gence of new abrasion marks alongside the disappearance of previous ones. Remineralization of su-
perficial abrasion marks is facilitated by the precipitation of minerals from saliva or oral hygiene
products penetrating the intercrystallite space (Rivera et al. 2013). In a study by Borrero-Lopez et al.
(2014), remineralisation of abrasion marks within 48 hours resulted in a reduction of their length by
up to 10%. However, as new ones are generated, the proportion of abrasion marks remains relatively
constant (Ten Cate and Arends 1980). Based on this knowledge, numerous studies are currently in-
vestigating the remineralisation potential of reagent additives in dentifrice. From age 35, a natural
levelling of the occlusal fissure relief and tooth surfaces can be assumed. Therefore, natural abrasion
leads to a reduction in predilection sites and thus reduces the risk of caries (Shellis 2010). Tooth-
brushing's polishing effect is advantageous as it hinders subsequent plaque accumulation (Scheme-
horn et al. 2011). The research by O'Toole et al. (2021) demonstrated that brushing with a low-abra-
sive dentifrice smoothed the tooth surface, whereas using an abrasive toothpaste led to a rougher
surface, facilitating undesirable plague accumulation. Thus, achieving the correct balance between
cleaning and polishing abrasiveness, along with substance protection, is crucial (Birke 2016). The
findings from this study indicate that both manual toothbrushes and low-abrasive dentifrices can
effectively smooth buccal tooth surfaces and cervical margins, leading to a reduction in plaque ad-
hesion and, consequently, a decrease in the risk of caries formation. The vanishing abrasion marks
can be attributed to continuous diffuse abrasion and remineralization processes occurring on the

tooth surface.
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6.3.2 Appearance perikymata (AP)

Perikymata, representing Retzius lines, manifest as discernible markings on lateral enamel surfaces.
These lines present as irregularly curved circles encompassing the tooth surface, gradually diminish-
ing in prominence from the equatorial circumference towards the cusps and incisal edges. The high-
est density of perikymata is observed in the cervical tooth region, as reported by Fejerskov et al.
(1984). Perikymata are an indicator of tooth growth and have special characteristics within a species.
In human teeth, the typical depth of the perikymata range between 2 and 5 um in depth and exhibit
a spatial distribution at intervals of 50 to 100 um (Elhechmi et al. 2013). In forensic contexts, the
count of perikymata becomes a valuable tool for estimating the date of death, especially when the
formation of the dental crown was still in progress at the time of the individual's demise (Bromage
and Dean 1985). As a result of physiological tooth wear, the average enamel thickness in a 65-year-
old has decreased by approximately one-third. This process also contributes to the flattening of
perikymata and the gradual disappearance of microporosities with advancing age (Kidd et al. 1984).
Mannerberg (1961) discovered that by the age of 20, approximately 20% of tooth surfaces exhibit
such significant wear that individual perikymata are no longer distinguishable. Overall, the charac-
teristic features of perikymata gradually diminish with age, giving way to a predominantly abrasion-
marked appearance. Perikymata on the molars and premolars tend to be preserved longer than
those on the corresponding surfaces of the canines and incisors. Notably, the cervical tooth region

is the last to lose these distinctive structural features, as noted by (Scott et al. 1949).

6.3.3 Exposed prismatic enamel (EPE)

As outlined by Kunin et al. (2015) before eruption, permanent teeth predominantly exhibit a pris-
matic surface, which transitions to an aprismatic character post-eruption. The parallel arrangement
of aprismatic crystals contributes to heightened mineralization of the tooth surface, enhancing re-
sistance to abrasion and acid solubility (Robinson et al. 1971, Park et al. 2008). In prismatic enamel,
by contrast, the orientation of crystals often changes abruptly at prismatic boundaries and are inter-
wined in a “decussation” pattern, which reduces the tendency for infraction propagation (Borrero-
Lopez et al. 2021). As post-eruptive enamel maturation progresses, the overall thickness of the
aprismatic layer increases due to the surface mineralisation (Gangler et al. 2005). The thickness of
the aprismatic layer is influenced by the chewing process, salivary mineral adsorption, and regular
fluoridation. Consequently, prismatic areas are still anticipated in juvenile teeth, while in older teeth,
the enamel surface predominantly exhibits an aprismatic character (Thompson 2020). Per Camboni
and Donnet (2016), the typical thickness of an aprismatic layer ranges from 10 to 30 um. Aprismatic
enamel may either entirely cover the enamel surface or exhibit gaps, allowing prismatic enamel to
protrude. The distinctive "honeycomb" appearance of prisms following acid etching has been vividly

demonstrated in numerous studies (Mannerberg 1961, Gangler et al. 2005).
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6.3.4 Enamel infractions (El)

Owing to its inorganic structure, tooth enamel stands as the hardest substance in the human body.
However, despite its formidable hardness enamel exhibits a notably low modulus of elasticity (70 to
110 GPa), comparable to the elasticity of glass (40 to 90 GPa) (Segarra et al. 2017). Therefore, defor-
mation leads to infractions in the brittle enamel, which can sometimes develop into fractures (Cuy
et al. 2002). Numerous studies indicate the presence of vertical infractions in tooth enamel, typically
remaining inconsequential due to the decussation limiting their propagation within the crystal mi-
crostructure. The majority of these infractions are so subtle that they are barely visible under direct
illumination and often escape detection on routine intraoral images (Kim et al. 2020). Hence, their
prevalence is frequently underestimated in clinical assessments. According to Scott et al. (1949),
enamel infractions were identified in over 90% of examined surfaces across various age groups, with
the majority originating at the cemento-enamel junction (CEJ), even in teeth that had not yet
erupted. In the study by Zachrisson et al. (1980), vertical infractions were observed in 60-70% of
cases, primarily in the cervical third of the teeth. Enamel infractions are believed to arise from intrin-
sicimperfections formed during tooth development, known as lamellae. Originating from the dentin-
enamel junction and penetrating about one-third of the enamel thickness between tufts, these fea-
tures become apparent first in the thin cervical enamel layer. This concept of intrinsic weakness,
common in biomaterials, enhances fracture toughness, similar to the prevention of crack propaga-
tion in nacre layers and fibrous bone microtissue by organic nodes (Evans et al. 2001, Borrero-Lopez
et al. 2020). Hence, the majority of enamel infractions are natural occurrences that typically do not
penetrate significantly into the dentin (Lee et al. 2011). However, under prolonged or increasing
loads, infractions may expand (He and Swain 2008). Mastication loads and rapid thermal changes
can cause enamel infractions by disrupting crystal bonds. Front teeth, particularly middle incisors,
are vulnerable due to pronounced thermal fluctuations during activities like eating (Zachrisson et al.
1980). First molars, located in the masticatory centre, are also susceptible (Despain et al. 1974, Bach-
mann and Lutz 1976). The width of typical infractions ranges between 1 um and 5 um, as demon-
strated in this study (Section 5.6.4). Dental enamel exhibits relatively high toughness against infrac-
tions running perpendicular to prisms. In contrast, infractions that run horizontally or transversely
are considered more critical, potentially indicating a higher susceptibility to fracture (Xu et al. 1998).
The development of enamel infractions is also influenced by the thickness of the enamel layer, which
averages 1.4—1.8 mm for molars and 1.3 mm for incisors. Thicker enamel layers contribute to a higher
degree of decussation, serving as a protective factor against fractures and wear effects, especially

during prolonged loading (Lucas and van Casteren 2015, Wilmers and Bargmann 2020).
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6.3.5 Open dentin tubules (ODT)

Dentin's morphological structure, characterized by tubules, includes highly mineralized peritubular
dentin. SEM reveals distinct mineralization zones (mantle, globular, interglobular, granular dentin)
and primarily distinguishes two dentin forms (secondary and tertiary) (Schaffner et al. 2016, Karteva
et al. 2019). Erosive attacks dissolve peri- and intertubular material, revealing dentinal tubules that
can appear open, narrowed, or completely closed under SEM (Wang et al. 2010). Dentinal tubule
diameter and density vary by layer. Near the pulp, density reaches around 40,000 tubules per mm?,
decreasing to 17,000—20,000 per mm? towards the dentin-enamel junction (Pashley et al. 1985). The
average count ranges from 8,000 to 29,000 per mm? (Daley et al. 2009), with tubules having a diam-
eter of 0.8 to 1.2 um and spacing of approximately 10 um (Thompson 2020). The etching process
doesn't immediately result in a volume loss of dentin, as organic components are initially preserved.
However, these can be easily removed by mechanical forces (Breschi et al. 2002). Natural abrasion
facets of dentin typically lack open tubules, as these close over time due to the gradual sclerotization
process (Ketterl 1983). In cases of toothbrush abrasion, hypersensitivity in the cervical region is re-
ported, strongly correlating with the frequency of open dentinal tubules (Lussi et al. 1993). However,
the risk of dentin hypersensitivity notably decreases after the age of around 60 (Carvalho and Lussi
2017). In our study, younger teeth showed more open dentin tubules due to abrasion. As cervical
abrasion deepened, isolated exposed dentin was observed in the wedge-shaped lesions of older an-
terior teeth (Section 5.6.5).

6.3.6 Dental calculus (DC)

The mechanical removal of dental calculus through scaling and root planning can result in surface
roughness, significantly impacting microorganism colonization and thereby promoting the progres-
sion of caries and periodontal disease (Walker and Ash 1976, Leknes et al. 1994). A smooth tooth
surface, less susceptible to plague accumulation, is achievable through polishing following (ultra-)
scaling. This study illustrates the impact of tooth brushing on surface roughness, particularly achiev-
ing explicit smoothing of the CEJ and root cementum in the cervical region of all sample teeth (Section
5.6.6). Dental polishing is a crucial aspect of clinical dentistry, receiving significant attention in the
literature for finishing restorative materials. As demonstrated in this study, regular toothbrushing
contributes to surface smoothing, minimizing plague accumulation, and promoting effective perio-

dontal care.
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6.3.7 Peninsula formation (PF)

Schroeder and Scherle (1988) and Grossman and Hargreaves (1991) were pioneers in identifying the
prevalent undulating (scalloping) pattern of the cemento-enamel junction as a distinctive feature of
human teeth. When this contour is accentuated by abrasion, it can result in the formation of enamel
peninsulas. Additionally, toothbrushing contributes to rounding off sharp edges along the cemento-
enamel junction. Another remarkable feature is the occurrence of enamel islands, which form spo-
radically on the root surface. While enamel islands are rarely discussed in the literature, this study
observed their presence in 5 out of 14 teeth, suggesting that it is not a rare phenomenon (Section
5.5.7).

6.3.8 Cemento-enamel junction (CEJ)

The scanning electron microscope provides precise images of the cemento-enamel junction's mor-
phological features and the structural relationships among dentin, cementum, and enamel, owing to
its high accuracy (Akai et al. 1978). With increasing age, continuous passive eruption, compensating
for occlusal wear, gradually exposes cemento-enamel junction (CEJ) structures to the oral environ-
ment, subjecting them to physical influences like toothbrushing. This may result in morphological
changes, occasionally with notable clinical implications. Given the thin cervical enamel layer (< 0.2
mm) and the susceptibility of cementum and dentin to environmental influences, this area is highly
prone to wear (Aw et al. 2002). The CEJ is crucial for diagnosing periodontal attachment loss. Addi-
tionally, the cervical region exhibits an exceptionally high prevalence of cervical caries and dentin
hypersensitivity (Walters 2005). Previous studies documented Cemento-Enamel Junction (CEJ) fre-
quencies: Cementum overlapping enamel (type 1) 60-65% > edge-to-edge (Type 2) 30% > and gap
(Type 3) 10% (Cloquet 1899, Nanci and Ten Cate 2017). A later addition introduced enamel overlap-
ping cementum (Arambawatta et al. 2009). Our study observed CEJ frequencies: Edge-to-edge (type
2) 50% > Gap (type 3) 36% > cementum overlap (type 1) 14%, consistent with recent findings (Table
25). While some studies have adjusted the numbering to: Edge-to-edge (Type |) > Gap (Type Il) >
Cement overlapping enamel (Type Ill) > Enamel overlapping cement (Type IV) (Araveti et al. 2020),
this study maintains the old order for clarity. The gap-type at the cemento-enamel junction was pre-
viously associated with susceptibility to wear, hypersensitivity, and caries (Arambawatta et al. 2009).
This study, however, found the gap CEJ predominantly in juvenile premolars with minimal oral expo-
sure, making external factors like abrasion or erosion less likely. It is suggested that the cemento-
enamel junction relationship may shift from a gap to an edge-to-edge or cementum overlap type due
to cementum apposition, as long as the area is covered by gingival tissue (Astekar et al. 2014). This
transformation halts once the CEJ is exposed to the oral environment (Smith 1998). However, enamel
overlapping cementum (type 1), previously described as the most common type and occurring in
only 14% of teeth in this study, was observed even less frequently in some recent studies. For exam-
ple, with a frequency of 7% in Astekar et al. (2014) and a frequency of 6% in Araveti et al. (2020). The
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cementum overlapping the enamel is commonly known as coronal cementum. But in contrast to the
multi-layered dentin-enamel junction, the coronal cementum overlapping enamel is only weakly mi-
cromechanically bonded to the enamel and therefore tends to flake off and is also considered highly
susceptible to tooth wear (Ho et al. 2009). Boyde (2005) attributes the shift in frequencies for ce-
mentum overlapping enamel (type 1) to three factors: 1. Natural variations in the length of coronal
cementum around a crown result in different CEJ types within a tooth, depending on the sectioning
plane. 2. Extraction procedures can significantly damage or tear off the fragile coronal cementum
due to ligament traction. 3. Located above the gingiva, toothbrushing and dental hygiene actions can
cause relatively rapid loss of the less mineralized coronal cementum. The CEJ's enamel and dentin
are often covered by a collagen-free matrix known as acellular afibrillar cementum, characterized by
a relatively high organic content and, consequently, a low elastic modulus (Hassan and Mohamed
2015). Araveti et al. (2020) speculated that overlapping cementum occurs mainly in juvenile premo-
lars because the teeth were extracted early for orthodontic reasons. Therefore, the coronal cemen-
tum remained protected from wear by gingival tissue. However, this study cannot confirm this ob-
servation, as the juvenile premolars here predominantly presented the gap (type 3). Conversely,
overlapping cementum was found in the young adulthood wisdom tooth A47, the middle-aged molar
B46 and an old incisor A41. The rare occurrence of enamel overlapping cementum (type 4) is difficult
to explain from an embryological point of view, as cementum formation begins only after enamel
formation is complete. Muller and van Wyk (1984) interpreted type 4 as an optical illusion due to the
thickness of sections. Subsequent authors considered type 4 an artefact caused by the grinding pro-
cess during the preparation of the specimens (Smith 1998, Astekar et al. 2014). However, if the
enamel islands described above are considered type 4 remnants, then the type of enamel overlap-
ping cementum would be found in 5 of the 14 teeth in this study. Finally, the CEJ shows an enormous
morphological diversity in the same tooth (Schroeder & Scherle 1988, Grossman & Hargreaves 1991).
Due to the variability of all three tooth-hard substances in the cervical region, it has already been
suggested that the junction should better be referred to as the dentin-cemento-enamel junction
(Neuvald and Consolaro 2000, Arambawatta et al. 2009, Nanci and Ten Cate 2017).
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= Table 25: Overview: Cemento-enamel junction type distribution

Overview: Examination with light microscope (LM) and SEM

Reference

60-65% 30% 10%
In 1899, Cloquet was the first to describe three morphological types of CEJ using light microscopy.

overlapping cementum > edge-to-edge > gap type

However, the interpretation of the features was still difficult.

Cloguet (1899)

Thorsen et al. (1917) data are in agreement with the study results of Cloquet (1899) and are henceforth included

in most textbooks of oral histology.

Thorsen (1917)

The overlapping cementum was attributed by Thorsen to a methodological and interpretative error. Thorsen also | Nanci and Ten Cate
described enamel overlapping cementum (type 4). (2017)

44% enamel overlapping cementum > 30% edge-to-edge > 16% gap type > 10% overlapping cementum Birrer (1952)

Birrer (1952) reported that dentin exposure was more frequent on the buccal sides of teeth 143 teeth

(23.1% buccal, 11.4% lingual). This observation was confirmed in the studies by Schroeder et al. (1988) and
Arambawatta et al. (2009).

Incisors: 49% edge-to-edge > 33% overlapping cementum > 18% gap type
Premolars: 65% edge-to-edge > 31% overlapping cementum > 4% gap type

Muller and van Wyk
(1984)

Molars: 46% edge-to-edge > 42% overlapping cementum > 12% gap type 150-um-thick  sections
Dentin exposure frequently more on the buccal side. from 152 teeth
Premolars: 68% edge-to-edge > 30% overlapping cementum > 1% gap type Schroeder (1988)
Molars: 52% overlapping cementum > 43% edge-to-edge > 5% gap type 8 juvenile premolars

In the wisdom teeth, 50% were found to have overlapping cementum.
Schroeder and Scherle found that the relationship of the three hard tissues in the CEJ region on a single tooth is

unpredictable and irregular.

6 third molars
SEM combined with
LM

Grossmann describes the overlapping cementum as the predominant CEJ type and again subdivides it into three
subtypes. Exposed dentin surfaces occurred in only five teeth. Grossmann described the conspicuous “scalloping”

of the CEJ as a striking morphological feature. Furthermore, the CEJ types varied in a single tooth.

Grossman and  Har-
greaves (1991)

18 teeth of one man

76% 14% cementum > 10% gap

What appeared to be a gap between enamel and cementum at low magnification (10x) turned out

edge-to-edge > overlapping type
to be just a groove in cementum. No exposed dentin was observed in the SEM in this area.

Overlapping of cementum with the enamel was less frequent than previously reported.

(Bevenius et al. 1993)
50 juvenile premolars
SEM with polarisation

microscopy

50% edge-to-edge > 36% overlapping cementum > 10% gap type

Neuvald and Consolaro

Enamel overlapping cementum (type 4) (2000) 198 teeth

55.1% edge-to-edge > 30.7% gap type > 12.6% overlapping cementum Arambawatta et al.
1.6% enamel overlapping cementum (type 4) (2009)

Overlapping cementum was found much less than previously reported. Enamel overlapping cementum 67 juvenile premolars

(type 1V) was found in only a very small proportion of the sample.

Teodorovici et al. (2010) reported that the gap type with exposed dentin is more common in maxillary incisors.
The most common CEJ relationship was edge-to-edge type, followed by the gap type and the overlapping ce-
mentum. Dentin was exposed more frequently buccally and lingually (about 22—-24%) than mesially and distally
(about 13%). It has been suggested by Araveti et al. (2019) that this is because the proximal surfaces are better

preserved from external factors such as abrasion and erosion.

Teodorovici et al. (2010)

52.5% edge-to-edge > 40% gap type > 7.5% overlapping cementum
0% (type  4),

The gap type was seen more frequently on the buccal and lingual surfaces of teeth.

enamel overlapping  cementum photomicrograph  of  ground  sections.

Astekar et al. (2014)
80 permanent teeth
38 ant., 42 post.

50% edge-to-edge > 36% overlapping cementum > 10% gap type
4% enamel overlapping cementum (type 4)

Hassan and Mohamed
(2015) 50 juv. premo-
lars

56.8% edge-to-edge > 36.5% gap type > 6.4% overlapping cementum

0.3% enamel overlapping cementum (type 4)

Araveti et al. (2020)
100 permanent teeth
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6.3.9 Morphology of cervical abrasion lesions

Brady and Woody’s (1977) SEM investigation classified cervical abrasion lesions as either round and
shallow or angular and deep. Bevenius et al. (1993) further categorized them as saucer or wedge-
shaped lesions. Litonjua et al. (2004) expanded the classification to include wedge-shaped, saucer-
shaped, or a mixture of both. Walter et al. (2014) proposed that wedge-shaped lesions primarily
result from occlusal attrition or "abfraction," noting increased plaque accumulation and sharp-edged
margins attributed to microfractures. Conversely, saucer-shaped lesions, nearly plague-free with
more groove lines, support the theory of abrasion due to toothbrushing. However, Daley et al. (2009)
found no histopathological evidence for abfraction in wedge-shaped lesions, identifying multiple hor-
izontal grooves as indicative of toothbrush abrasion. Litonjua et al. (2004) suggested that toothbrush-
ing alone can induce various defect forms, including wedge-shaped lesions, where slight enamel un-
dermining causes sharp angles on the cemento-enamel junction, leading to edge breakage. Dza-
kovich and Oslak (2008) reproduced cervical lesions with sharp line angles through repeated hori-
zontal toothbrushing movements using an abrasive dentifrice. They hypothesized that the type of
toothbrush filaments influences the development of various forms of cervical lesions. In our study,
we observed sharp-edged enamel margins on the cervical enamel in some cases, despite the teeth
not being exposed to any occlusal load (Figure 43, p. 43). Therefore, the observation of sharp edges
does not exclude abrasion as a factor. Manly and Schickner (1944) observed that horizontal brushing
initially formed linear grooves, evolving into wedge-shaped lesions as abrasion advanced. They noted
that abrasion predominantly occurred in the grooves, not on the crests. The development of cervical
wedge-shaped lesions was identified as a fundamental feature of dentin abrasion by abrasive brush-
ing, with abrasion progressing most rapidly at the bottom of the notch. This process is analogous to
mechanical abrasion by water, creating clefts that deepen gradually and contribute to significant soil
loss. Even gentle pressure on the toothbrush causes filaments to slide over pre-existing lesions, con-
centrating force on the areas already worn down the most. Exploring the impact of different bristle

configurations on cervical lesion development is also of interest.
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6.4 Advantages 3D-SEM

A standardized method for reliably quantifying the progression of tooth wear has not been estab-
lished. Current research methods vary from contact or non-contact profilometry to radiotracer and
complex computer-generated 3D images using digital laser microscopy (Schlueter et al. 2011). The
challenge lies in quantifying profile or volume loss on the reference-free, curved, and complex sur-
face of undamaged teeth with irregular peaks and valleys. Consequently, tooth wear processes are
primarily assessed on flat, polished enamel surfaces conforming to ISO standards for analysing step
heights (O'Toole et al. 2021). However, polished enamel surfaces react differently to wear than nat-
ural enamel and are therefore not directly transferable to the clinical situation (Ganss et al. 2000,
Mylonas et al. 2018). Wright (1969) suggested that enamel wear from toothbrushing could be 0.2
mm over a lifetime. According to Zachrisson and Arthun (1979), enamel wear amounts to approxi-
mately 2 um per year. In modern times, the use of toothpastes with reduced abrasive particles sug-
gests lower wear on tooth structure due to toothbrushing. Overall, enamel wear attributed to brush-
ing is considered minimal (Addy and Hunter 2003). Pickles et al. (2005) reported enamel abrasion
from dentifrice to be less than 0.5 um after 24 weeks in an in-situ investigation. In recent years,
modern technologies have greatly improved the accuracy of tooth wear measurements. However,
even O'Toole et al. (2021) reported that the accuracy is not yet sufficient to detect the minute dif-
ferences in wear on the lateral surfaces between successive tooth surface scans. Occlusal wear rate
is easier to measure, as stable side surfaces of teeth can be used as reference surfaces. The primary
objective of this study was to determine the average wear rate of buccal enamel after three years of
toothbrushing using lateral reference holes. However, the observed wear rates fell below the meas-
urement inaccuracies of the system, reaching the limits of the measurement method and its repro-
ducibility. Furthermore, there are biologically determined differences in the susceptibility to wear
between tooth samples from different donors (Uhlen et al. 2016). On the contrary, dentin exhibited
a significantly greater susceptibility to wear from toothbrushing (Hooper et al. 2003, Wiegand and
Attin 2011). Addy et al. (2002) anticipated dentin abrasion of up to 1 mm over a lifetime. Kodaka et
al. (2001) utilized an intraoral device to brush dentin specimens daily with a low-abrasive dentifrice.
Laser scanning microscope measurements revealed an abrasion ranging from 80 to 140 um. Hence,
our study emphasized the quantitative measurement of volume loss attributed to abrasion in the

cervical tooth region.

6.4.1 Comparative analysis of volume loss in publications
Volume loss is the preferred parameter for quantifying tooth wear as it progresses linearly with time,
unlike one-dimensional step depth (DeLong 2006). To facilitate comparison across various study de-
signs, volume changes must be normalized to the affected area. The International Organization for
Standardization outlines the determination of tissue loss in polished dentin or enamel samples by
calculating the mean depth profilometrically (BS EN ISO 11609: 1998).
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After 95,040 buccal strokes per tooth over the three-year toothbrushing cycle in this study, the

um

volume loss ranged from 0.020-0.188 mm?3 with an extrapolated step height per mm? of 15—37mm2,

m

@ 25.6

r:mZ' In this context, the volume loss is normalized by the reference area to compute the
average depth of wear. This abrasion depth value facilitates comparison with profilometric studies

(Table 26).

= Table 26: Overview for comparison of volume loss results

Reference Volume loss Step depth Method
This study: 0.020-0.188 mm? 15-37 “mz ; 28 epoxy replicas
Wilke (2022) after 95,040 buccal strokes under a brush force of 3.5 N 0 25_6m:m2 4Q - BSE SEM
mm
Dyer et al. (2000) Toothbrush Hard: 3.19 um; Medium: 4.30 pum; Polymethyl methacrylate
Soft: 5.29 um 15-25 "*::2 Contact profilometer
after 20,000 strokes under a brush force of 200 g (2 N).
Addy et al. (2002) Step depth of 0.96-2.43 um after 3 months 17-g bm 10 ground dentin samples
intraoral device; 7x/day 60sec; 10 days mm? Contact profilometer
Rodriguez & Bart- 0.02-0.07 mm?3 80 ground enamel samples
lett (2010) after 2,000 strokes under a brush force of 200 g (2 N). Addition silicone impres-
Toothbrushing machine (Abrasion testing machine No. 8. The 18-47 ,,t:z sion
Pepsodent Co. USA). Non-contacting laser pro-
filometers Taicaan™
Lilieborg et al 1.39-9.68 mm3 Acrylic plates with hard-
(2010) after 12,000 double strokes under a brush force of 2.35 ness similar to dentin
N 55-383 ”mz Contact profilometer
mm
Brushing machine; reciprocating movement of 85 mm, 2,000 Stylus tip radius: 2 um
double strokes per hour.
Sabrah et al. 1.12-4.19 mm3 16 human premolars
(2018) after 65,000 strokes under a brush force of 200 g (2 N). Vinyl polysiloxane
V-8 brushing machine (horizontal brushing) 90-340 1::2 3D optical profilometer
Proscan 2000, Scantron,
Taunton, UK.
Turssi et al. (2019b) A:3.81 mm3; B: 2.56-2.92 mm? 16 human premolars
after 55,000 double strokes under a brush force of 3 N Vinyl polysiloxane
V-8 brushing machine (horizontal brushing) Not possible 3D optical profilometer
*A: flat-trim manual toothbrush; B: cross-angled multileveled or Proscan 2000, Scantron,
feathered toothbrushes. Taunton, UK.

Results from Turssi et al. (2019b) suggested that using a tapered toothbrush may be beneficial com-
pared to a regular flat-trim toothbrush. Fluoride can increase the dentin’s resistance to abrasion
caused by toothbrushing (Bartlett et al. 1994, Hara et al. 2009). When assessing wear rates, it's cru-
cial to acknowledge that the measurement inaccuracy of recording systems frequently exceeded the
recorded substance removal. For instance, Rodriguez et al. (2012b) reported a measurement accu-
racy of about 15 um, with only 22% of the 30 tooth samples having a value above the measuring
error. Sabrah et al. (2018) reported a combined error, both between and within examiners, of + 0.24
mm?3. In future studies, it may be worthwhile to record volume changes within a standardized meas-

urement area to ensure reproducibility and comparability of results (O'Toole et al. 2020b).
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6.4.2 Imaging errors of 3D SEM

The calibration protocol for the 3D scanning electron microscope (4Q BSE detectors) allowed correc-
tion for most imaging errors. Using a multifunctional reference body, paired replicas of a tooth before
and after brushing were captured within the same calibration. Despite this, some distortion in the
recorded data persisted, particularly at the image edges. To mitigate the issue, cervical lesions were
cropped out, resulting in a potential underestimation of volume loss. However, as the model teeth

were in proximal contact, significant substance abrasion in marginal areas was not anticipated.

6.4.3 Sputter coat

During the accuracy test with replicas of the reference body, it was found that the 4Q-BSE detectors
underestimated the depth of the reference groove with a thin sputter coating of 20 nm Au (original
depth: 328.7 um vs 164.2 um with 25 nm Au and 222.5 um with 50 nm Au). Sputtering with a gold
layer of 15-20 nm is common and has been applied in comparable dental studies (Camboni and Don-
net 2016). Therefore, this technical phenomenon, possibly caused by a phase transition between
different material densities (gold vs epoxy resin), still needs to be clarified. Subsequently, tooth rep-
licas were sputtered with an additional 80 nm of gold, as only with a thicker coating did the meas-
urement accurately reflect the actual depth of the reference groove. Therefore, replicas were sput-
tered with a total of 100 nm of gold for 3D SEM measurements. In contrast, the morphological eval-

uation of characteristic features was carried out in advance with a 15-20 nm sputtering layer.

6.4.4 Software alighment

The accurate alignment of corresponding surfaces significantly influences measurement precision
(DeLong 2006). Previously, in vivo quantitative tooth wear assessment necessitated fixed reference
points. Rodriguez and Bartlett (2010), for instance, employed three drilled enamel reference points
to superimpose models. However, alignment challenges arose due to the absence of unchanged ref-
erence points detected by the software in more than half of the teeth. In situ studies often faced
issues with metal markers getting lost during examination, rendering affected teeth untraceable for
evaluation (Schlueter et al. 2005, Huysmans et al. 2011). Subsequent to its initial applications, ad-
vancements in technology and software have facilitated the execution of measurements without the
necessity of attached reference points (Mitchell and Chadwick 1998). The intricacies captured by
scanning electron microscopy (SEM) have enabled the meticulous overlay of data networks in this
study. This overlay is grounded in the natural roughness of the enamel surface and the cervical
enamel margin, ensuring a reliable and comprehensive analysis. The alignment method selected
plays a crucial role in shaping measurement outcomes (Besl and McKay 1992). Historically, a stand-
ardized best-fit algorithm has been employed, aiming to achieve the optimal mathematical approxi-
mation of the data. In instances where best-fit methods are utilized without reference points, align-
ment accuracy reports have indicated a range of 15-25 um (Rodriguez et al. 2012a, Wulfman et al.

2018). However, this iterative closest point (ICP) algorithm to merge maps to the best possible
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alignment does not consider whether the proposed alignment solution is biologically appropriate
(Mitchell and Chadwick 1998). The best-fit alignment method effectively minimizes mesh spacing
errors between two datasets; however, it may consequently lead to an underestimation of the mag-
nitude of differences in that specific area (O’Toole et al. 2019). Upon visualizing the best-fit alignment
in the 3D-Reshaper software, it became evident that the algorithm struggled to optimally align
curved tooth surfaces. This limitation is evident in the computed negative and positive differences.
Negative differences are indicative of wear, whereas positive differences imply an improbable in-
crease in tooth structure. To rectify this, all points with positive values on the z-axis, representing
measurement errors, were adjusted to zero. The same principle was applied by Rodriguez et al.
(2012). By initially isolating the cervical lesion area and placing landmarks at distinctive points, we
reduce calculation errors. Following the validated approach by O’Toole et al. (2019), our study adopts
reference alignment, significantly minimizing errors and enhancing measurement accuracy. Manual
correction of model inclinations ensures optimal alignment. However, operator input influenced
alignment outcomes, potentially causing varied volume loss determinations. To ensure consistency,
all alignments were performed by a single operator (KW) and repeated on different days, yielding an
average deviation of + 0.0011 mm3. Future studies could explore differences in recorded volume

losses among different operators for additional insights.

6.4.5 Measurement inaccuracies

Measurement inaccuracies of 0.6 pm in depth (z-axis), 6 um in length and 0.007 mm?3 in volume
calculation were observed concerning the known geometric dimensions of the reference body. Ro-
driguez and Bartlett (2010) used a 3.9 mm? titanium cone as a reference, achieving 0.9 um accuracy
for step height and 0.001 mm? for volume. Our system demonstrated superior z-axis accuracy, but
the volume measurement (0.007 mm?3) was slightly less accurate than Bartlett's method. While
standard geometric reference bodies are commonly used to assess measurement accuracy, they may
not adequately capture the geometric intricacies of teeth. Rodriguez et al. (2012) addressed this by
crafting true-to-scale reference bodies resembling tooth onlays. The findings revealed that the sys-
tem's measurement accuracy varied between complex tooth-like structures and simple geometric
figures, highlighting the limitations of using standard reference bodies for assessing accuracy in den-
tal contexts. Moreover, the individuality of natural enamel surface topography is heightened by fac-
tors such as perikymata, functional abrasion marks, pits, and enamel caps. This inherent complexity
introduces challenges in accurately measuring natural enamel surface features, as measurement er-
rors often arise when scanning intricate and curved surfaces (Austin et al. 2015). O’Toole et al. (2021)
advocated for a detection accuracy of less than 50 um in measuring tooth wear. In a study by Hayashi
et al. (2022) found that the wifth/depth ratio increased by more than 50 um in half of the cervical

lesions studied, but rarely became deeper than 50 um.
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6.5 Statistical limitations

In this exploratory study, our primary focus was on characterizing morphological features, assessing
abrasion severity, and evaluating a novel technique for measuring volume loss after three years of
robotic toothbrushing on unpolished teeth, utilizing 3D SEM. The careful selection of tooth samples,
guided by well-defined criteria, allowed for the creation of a comprehensive catalogue of pathobio-
logical abrasion patterns. The decision to initially forego detailed case number planning was driven
by uncertainties about observable effects and the substantial effort dedicated to method develop-
ment. Nevertheless, biological interpretation frequently presents challenges, with individual charac-
teristics influencing the observed differences in assessments. Instances involving teeth with perio-
dontitis and exposed roots, coupled with variations in donors' brushing habits, may yield significantly
larger cervical abrasion lesions. Confounding variables like gender, age, and specific medical condi-
tions are viewed as random disturbance factors. These confounders can be addressed through ex-
clusion or levelled out via randomization. Therefore, achieving statistical differentiation of volume
results is highly intricate and cannot provide a reliable outcome given the limited number of human
tooth samples. The small and non-representative sample size precludes the extrapolation of findings
from both descriptive and confirmatory statistics to the broader population. Consequently, asser-
tions are confined to the available dataset. However, specific abrasion patterns showed statistical
significance, suggesting a trend where the Rapid Relief toothbrush, with its flexible neck, contributed
to significantly lower abrasion compared to the Jubilee toothbrush. The insights derived from the
current data could lay the groundwork for formulating future working hypotheses. When comparing
abrasion patterns among two or more brushes in different groups, the conventional t-test becomes
invalid when variances are not homogeneous, as observed in this sample. However, Welch's t-test,
which does not assume equal standard deviations in the groups, can be applied in such cases. The
homogeneity of variances can be assessed using Levene's test for variance homogeneity. In tooth-
brush studies, there is often an assumption of encountering a normal distribution of results. Although
larger subject numbers can tend to normalize the mean, it is crucial, especially in studies with a lim-
ited number of subjects and non-normally distributed results, to consider abnormal distributions
such as skewness. It is imperative to provide mean values, standard deviation, standard error, and
variance. Procedures involving morphological characterization, relying on descriptive terms like few,
some, and extended, which are then converted into a numerical system for statistical assessment,
are prone to errors. The statistical evaluation of numerically rated criteria is inherently subjective.
Thus, it is crucial to provide appropriate training and calibration for evaluators to minimize subjective
errors. In this study, two professional assessors conducted the abrasion patterns assessments. One
evaluator, blinded and devoid of additional information about the tooth samples, ensured unbiased
evaluations, as expectations could otherwise influence the outcome. Furthermore, a panel of images
accompanied by respective codes for each abrasion pattern was generated to facilitate future eval-

uators in achieving as objective a classification as possible.
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6.6 Alternative methods

According to Nawrocka et al. (2021), the most common techniques for tooth wear investigations are
currently confocal laser scanning microscopy (CLSM), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and atomic force microscopy (AFM). The following is a brief overview

of common technologies for examining tooth wear.

6.6.1 Profilometry

The measurement of tooth wear by profilometric analysis has been established for decades and can
be used both in vitro and in vivo (Davis and Winter 1976, Addy et al. 2002, Gonzalez-Cabezas et al.
2013). A distinction was made between the mechanical profilometer (Kramer and Kunzelmann,
1995) and the optical, non-contact profilometry (Ganss et al. 2007b). The measuring accuracy is
determined by the size of the diamond tip of the stylus, which has a radius between 0.1 and 25 um
(Radhakrishnan 1970). Another disadvantage of contact profilometry is that mechanical scanning of
softer surfaces can lead to damage in the form of scratches or surface destruction, resulting in fur-
ther measurement inaccuracies (Chuenarrom and Benjakul 2008). (Attin et al. 2009) stated an accu-
racy of 0.105 um as the lower limit for contact profilometry. To create optimal conditions for pro-

filometry, samples should be flattened and polished before the examination (O’Toole et al. 2021).

6.6.2 Non-contacting profilometry and confocal laser scanning microscopy

Unlike a mechanical tactile profilometer, employing non-contact and digital laser profilometry yields
higher resolution (Rodriguez et al. 2012a, Wulfman et al. 2018). A commonly referenced device for
assessing tooth wear is the optical profilometer Proscan 2000 (Scantron, Taunton, UK), designed
specifically for surface measurements in the dental industry (Turssi et al. 2019b). Since its inception,
a multitude of optical scanners has entered the market. For instance, O'Toole et al. (2019) achieved
an accuracy of < 10 um using a dental model scanner (Rexcan DS2, Europac 3D, Crewe, UK). Certain
digital profilometers incorporate the confocal laser scanning microscopy principle, offering a non-
destructive measurement method that enables follow-up examinations (Mullan et al. 2018). Hara et
al. (2021) reported an accuracy of 0.1%, a precision (SD) of + 0.06 mm and a detection limit of < 0.3
mm using a white light scanning confocal profilometer. Nevertheless, it's important to note that the
mentioned measurement accuracies are applicable solely to flattened polished tooth samples (Char-
alambous et al. 2021).

6.6.3 Digital laser microscope (Keyence)

Keyence's laser scanning digital microscopes (VK-X3000 series, Osaka, Japan) integrate three distinct
measurement principles - confocal laser, focus variation, and white light interferometry - offering
versatility depending on the application. Focus variation, also known as focus stacking, involves cap-

turing images at various focusing planes. Subsequently, an image combination algorithm merges the

107



Discussion

two-dimensional image stacks, resulting in a three-dimensional image with an enhanced depth of
field. Widely employed in light microscopy across fields such as materials science, forensic medicine,
and biological and geosciences, this technique has previously been tested for evaluating erosive
tooth wear (Chuenarrom and Benjakul 2008). White-light interferometry, utilizing the principle of
moiré stripe patterns, has demonstrated high accuracy and precision in measuring both flat and nat-
urally curved surfaces. This non-invasive method was initially described by Holme et al. (2005) and
has since found frequent application in studies on tooth wear.

The accuracy of this technique is reported 30 mase Height color

781,951ym

to be 0.1 um and the precision 0.05 um. 701,089m [
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Figure 97: Keyence surface model: For testing, an intact anterior
addition, telecentric lenses promise to tooth was positioned on the carriage of the Keyence laser scanner,
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] height relief and depth information are presented in um.
and non-destructively and would no

longer require replication.

The detection of reflective [EBEE

surfaces, e.g., a wet tooth,

15,000+

should be possible with high K

, wrigeg’se [z]

accuracy. Therefore, teeth

would not need to be exces-

sively dried before scanning, Figure 98: The profilometric display shows the depth of the lateral reference mark in

avoiding artefacts. relation to the tooth surface in um.

6.6.4 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) is a non-invasive method for examining natural tooth surfaces
(Machoy et al. 2017, Shimada et al. 2020). Araveti et al. (2020) used OCT to assess dentin thickness,
while Mylonas et al. (2019) applied it for early enamel surface changes, achieving a 1 um resolution.
However, reflections may occur due to the high refractive index of dental hard tissue(Chan et al.

2013). The Medical Laser Centre Lubeck is actively advancing OCT in dentistry.
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6.6.5 Atomic force microscopy (AFM)

Commercially introduced in 1998, atomic force microscopy (AFM) is useful in dentistry for evaluating
surface roughness and nanomechanical properties without requiring sample drying or coating (Tse-
nova-llieva and Karova 2020). AFM employs a flexible cantilever scanning probe to image surfaces at
the atomic level, utilizing a piezoelectric scanner and a photodiode as a detector. Nanoindentation,
a refinement of microhardness testing, applies a gentle force (0.25-5 uN) with a Berkovich diamond
tip to the tooth surface, resulting in an indentation depth of around 100 nm. However, AFM has
limitations, including a scanned observation area capped at 240 um x 240 pum and a time-consuming

scanning process (Tsenova-llieva and Karova 2020).

6.6.6 Reflectometer (SRI)

The reflectometer (SRI) uses an optical device to measure changes in reflectance intensity on enamel
surfaces. Initially validated for both ground and natural tooth surfaces (Lussi et al. 2012, Carvalho et
al. 2016a), it has evolved into a smaller pen-size device for direct oral cavity application (Rakhmat-
ullina et al. 2013). It demonstrated over 64% sensitivity and a high specificity of at least 84% in diag-

nosing erosive lesions on permanent teeth (Stenhagen et al. 2019).

6.6.7 Intra-oral scanners (10S)

Various approaches advocate for the use of intra-oral scanners (I0S) as the preferred method for in
vivo 3D measurement of tooth wear (Ganss and Lussi 2014, Travassos da Rosa Moreira Bastos et al.
2021). Initially designed for the digital fabrication of CAD/CAM restorations, intra-oral scanners (10S)
are "area devices" that utilize technologies such as laser triangulation, active waveform scanning, or
moiré fringe patterns to detect optical interactions on the surface. These interactions are then trans-
formed into surface dots with dot spacing typically ranging from approximately 50 to 150 um. Wul-
fman et al. (2018) assessed the accuracy and precision of a maximum of 30 um of 10S under in vitro
conditions as insufficient for determining tooth wear. Chiu et al. (2020) described a scanning resolu-
tion of 33 um for Trios 3 (3Shape, Denmark). |0S scans also experience increased standard deviations,
which can be explained by a lower point cloud density, resulting in a stronger smoothing effect that
further limits their resolution. In addition, clinical conditions (e.g. saliva, reflections, patient move-
ment) can influence data acquisition of 10S and reduce optical measurement precision (Charalam-
bous et al. 2021). Another limitation is that the analysis is primarily confined to vertical height loss
on flat enamel samples (Witecy et al. 2021). Presently, intra-oral scanners (I0S) are regarded as less
accurate than alternative methods for measuring tooth wear. Further advancements are needed be-

fore recommending 10S for quantitative studies of tooth wear (O’Toole et al. 2019, 2020a).
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6.6.8 Other approaches to quantify tooth wear

Huysmans and Thijssen (2000) explored ultrasonic pulses to determine enamel thickness, but the
method lacked precision for changes under 0.33 mm (Louwerse et al. 2004). Chadwick and Mitchell
(2001) used electrically conductive replicas for digital mapping, and a recent study applied fractal
analysis to classify erosive tooth surface features (Hara et al. 2021). Longbottom et al. (2021) utilized
bioluminescence to image Ca2+ ions on enamel surfaces, studying demineralization patterns from

caries or erosion.

6.6.9 Alternative software

Mountains Map 8 (Digital Surf, Besangcon, France) is a commonly cited software in dental studies,
integrating profilometry with SEM data analysis for both 2D and 3D evaluation of tooth surfaces
(Hara et al. 2021). Another software worth mentioning is Gominspect (SR1, GOM GmbH, Braun-
schweig, Germany), recently employed by Witecy et al. (2021) to monitor erosive tooth wear. While
the program yielded favourable results, its usage was characterized as time-consuming and necessi-
tated specific skills from the user. Bartlett’s team initially used Truegage (TrueMap, United States)
but later decided in favour of Geomagic Control (Artec, Senningerberg, Luxembourg) as the new gold
standard for measuring tooth wear (O’Toole et al. 2020a). Subsequently, a dedicated software for
quantifying tooth wear was created. Known as WearCompare (University of Leeds, UK), it is likened
to Geomagic in its ability to quantify tooth wear and is designed to offer user-friendly free software
with additional applicable measurement parameters. (O’Toole et al. 2019). Most intraoral scanners
have now implemented a software application for direct wear measurement, which enables chair-
side matching of two data sets. The alignment typically relies on a best-fit algorithm and undergoes
continuous refinement and development (Kumar et al. 2019). The swift progress in artificial intelli-
gence is anticipated to lead to ongoing enhancements in user-friendly, precise, and validated soft-

ware for surface matching and volume measurements.
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7 Conclusions

Occlusal and cervical wear represent intricate dental phenomena with notable clinical implications.
The study illustrates that tooth wear is a distinct dental occurrence, exhibiting variations between
individual teeth and across age groups. Hygiene products operate through dual mechanisms: they
contribute to oral health by reducing plaque formation, while conversely, causing mechanical abra-
sion that can lead to enamel, dentin, and cementum loss. Acknowledging this dual role, future re-
search assessments should comprehensively examine both the positive and negative impacts on
teeth across all age groups. Therefore, a new standardised laboratory procedure was developed by
integrating SEM with three years of robotic simulated tooth brushing in an artificial oral cavity de-
signed to reflect clinical conditions.

e The standard operating procedure involve human teeth in their anatomical position, subjected
to wet brushing with clinically validated movements, force, and time. According to the video
observation study, the number of brushing strokes per tooth surface is the only biophysical pa-
rameter that determines the effectiveness of tooth brushing. The brushing technique and dura-
tion, on the other hand, can vary greatly from person to person or even within individuals.

e The application of 3D SEM allowed, for the first time, volumetric quantification of abrasion ef-
fects on the cervical tooth, an aspect not achievable with conventional profilometry. Laser scan-
ning microscopy is emerging as a potential alternative to 3D SEM.

e The development of a catalogue of pathobiological abrasion patterns provides deeper insights
into the processes of cervical dental abrasion.

e Inaddition, the design of the toothbrush head and the angle of the bristle field in relation to the
tooth surface are other factors that can influence plaque and gingivitis control.

e Both toothbrushes contribute to oral health by removing residual calculus that masks the ce-
mentoenamel junction and smoothing traumatic and iatrogenic damage to the tooth surface.

e Harmful alterations encompassed slight enamel loss on the smooth surface, depletion of cervical
cementum, and substantial loss of root dentin. These changes resulted from the combined me-
chanical abrasion induced by the bristle configuration of the toothbrushes and the dentifrices
employed. The manual toothbrush with a flexible brush head could contribute to less abrasion
of the tooth neck (@ 34 nl) compared to a flat toothbrush with a rigid brush neck (@ 87 nl).

e The cemento-enamel junction showed considerable morphological diversity. A noteworthy ob-
servation, reported here for the first time, involved the unveiling of distinct enamel islands on
the root surfaces. This revelation identifies a previously unrecognized risk area. Moreover, a
subtle widening of the vertical enamel infractions at the cementoenamel junction (CEJ) is ob-

served.
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e Descriptive statistics are employed to characterize and compare the distinct abrasion behaviour
exhibited by the two toothbrushes. However, the limited sample size of two sets of seven human
tooth samples and the intricate complexity of morphological features constrain statistically sig-
nificant differentiation.

e Despite the limited sample size, there is a clear trend showing less harmful cervical wear with
the ball-joint manual toothbrush, attributed to its unique biophysical brushing mechanism com-

pared to a rigid toothbrush under identical brushing conditions.

The physical lifetime risk of tooth wear

Occlusal wear, mainly due to abrasion and attrition in omnivorous animals, including humans, is a
natural phenomenon that contributes to lifelong functional adaptation and the prevention of dental
caries. In contrast, lifelong physical wear on smooth tooth surfaces, especially the cervical tooth re-
gion, is a risk for dentin hypersensitivity and fractures. It is caused exclusively by toothbrushing and

abrasive dentifrices (combined with chemical erosion).

The results of the present study contribute to the characterisation of dynamic cervical wear changes

in permanent dentition during life:

- Juvenile: The enamel shows no or minimal signs of wear. In premolars of juvenile patients
(10-15 years old), the root cementum is thinly developed, and the immature enamel reveals

exposed prismatic structures following the simulated three-year toothbrushing cycle.

- Young adults: Molars in young adult patients, aged 18 to 35 years, face a notable risk of
gingival recession due to cementum wear. This wear can undermine enamel margins and
expose dentinal tubules, leading to potential hypersensitivity. These teeth typically exhibit a
combination of aprismatic and prismatic enamel, along with hypermineralised root dentin

containing remnants of cementum.

- Adults: In middle-aged patients (40-65 years old), the incisors and canines exhibited mature
enamel. Periodontitis led to gradual gingival recession and exposed root surfaces. Wear pro-
cesses resulted in undermining enamel margins, hypermineralised root dentin with occluded
open dentin tubules, and occasional deep grooves on the root surface. The wear extended

apically from 100 pum to 1.5 mm.

A continuation of the investigation of the identified morphological characteristics with an extended
sample would be beneficial. The expansion of the catalogue of pathobiological abrasion patterns has
the potential to enrich the fields of oral anatomy, periodontology and preventive dentistry and thus

contribute to a deeper understanding of dental abrasion.
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8 Summary

Tooth wear is a complex dental phenomenon with significant clinical implications. Hygiene products,
while crucial for plague removal, can also cause mechanical wear on enamel, dentin, and cementum.
Given this multifaceted functionality, research assessments should encompass both positive and
negative effects across diverse age groups. To address this, a novel laboratory standard has been
devised, integrating toothbrushing tests with a robot-simulated toothbrushing cycle within an artifi-
cial oral cavity. This innovative approach aims to ascertain alterations in morphological features and
quantify the extent of cervical wear lesions resulting from toothbrush abrasion. In assessing this
novel method, we investigated the abrasive impact of two manual toothbrushes on tooth structure,
hypothesizing that the flexible ball-jointed toothbrush with tapered filaments would be less abrasive
than a rigid toothbrush with flat-trimmed bristles. To ensure ethical considerations, the study under-
went scrutiny by the Ethics Committee of the University of Witten-Herdecke, receiving a positive
vote on 3 May 2021 (application number: SR-67/2021). Subsequently, an amendment for an addi-
tional video observation study aimed at determining the average number of toothbrushing strokes

per time and the toothbrushing technique of 50 subjects was granted approval on 8 January 2022.

In the robot-simulated toothbrushing cycle, teeth from various age groups were extracted and stored
in 0.1% thymol. Fourteen human teeth were polymerized on pins and mounted anatomically in two
dental arches to mimic the physiological arrangement of a eugnathic dentition. Employing a vali-
dated six-axis robot (FSO2N, Kawasaki) enabled the accurate simulation of human toothbrushing
movements. Clinical parameters such as force, technique, and time were incorporated for clinically
validated and homogeneous study conditions. The random toothbrushing program integrated three
common techniques: 2x horizontal (17 s), 1x rotating (19 s), and 1x vertical brushing (22 s), executed
in an artificial oral cavity with a brushing force of 3.5 N. Assuming a twice-daily brushing frequency
on average, the cycle was reiterated 60 times per month, accumulating a total of 95,040 brush
strokes per tooth over the simulated three-year period. The buccal surfaces of teeth were moulded
using A-silicone (Affinis Putty Soft and Affinis light body, Coltene Holding AG, Altstdtten, Switzerland)
and replicated with epoxy resin (Easy-Mix N 5000 Epoxyd, Weicon, Miinster, Germany). Abrasion
patterns of enamel, dentin, and cementum were scrutinized using scanning electron microscopy
(LEO-1450, Zeiss, Oberkochen, Germany). Three-dimensional scanning electron microscopy analyses
were conducted with 4Q-BSE detectors (SEM-515, Philips; Point Electronic, Halle, Germany). Volume

loss was assessed using Leica’s Reshaper software (Leica Geosystems, Heerbrugg, Switzerland).
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We implemented a novel morphological feature coding system, categorizing features into four
enamel patterns (functional abrasion marks, perikymata, exposed prismatic enamel, infractions), one
dentin pattern (open dentin tubules), and four cervical patterns (dental calculus, overlapping cemen-
tum or enamel, gaps between enamel and cementum, enamel islands on the root surface). Abrasion
levels from 0 to 3 were assigned for each pattern using image coding panels (Section 5.1). The com-
bined image boards, depicting abrasion patterns for each tooth, were systematically compared with
the coding panels and independently scored by two examiners: one non-blinded (KW) and one
blinded (PG) (Section 5.2). Furthermore, we utilized backscattered electron (BSE) images to generate
lateral views of the cervical abrasion lesions (Section 5.3). This study revealed that effective oral hy-
giene significantly contributed to the smoothing of buccal tooth surfaces and cervical margins, re-
sulting in reduced plague adhesion and subsequent caries formation. Abrasion, notably, tended to
expose open dentinal tubules, particularly in younger teeth. Additionally, a noteworthy observation
was the emergence of enamel islands on the root surface. Furthermore, considerable morphological
diversity was observed at the cemento-enamel junction, even within the same tooth. Hypothesis
tests were performed for both pre- and post-brushing results using the Wilcoxon signed-rank test,
and toothbrush comparisons were conducted using the Mann—Whitney U test. The manual tooth-
brush Rapid Relief with a flexible neck resulted in fewer changes in tooth abrasion patterns. In con-
trast, the Jubilee manual toothbrush, which is characterised by a rigid neck and flat-trimmed bristles,
exposed an increased number of prismatic areas in the enamel and resulted in the unmasking of
enamel islands on the root surface. Both toothbrushes showed significant differences in the removal
of calculus and the straightening of traumatic and iatrogenic damage. Toothbrushing-induced abra-
sion led to the loss of cervical tooth structure. On average, Rapid Relief (24 — 50 nl) removed 53.5 nl
less tooth structure than Jubilee (41 — 188 nl). Wear was mainly concentrated within the range of

100 — 1,500 um from the cemento-enamel junction to the apical region (Section 5.4).

In this study, 3D secondary electron microscopy was effectively used for the first time to measure
the volume of cervical abrasion lesions. Both 2D-SEM and 3D-SEM revealed micromorphological de-
tails showing both detrimental and beneficial effects on oral health. Further research is required to
validate and refine the methodology with a larger dataset. Improving measurement quality involves
minimizing replicas, standardizing calibration procedures, and optimizing scanner settings. Continu-
ous monitoring of tooth wear rates is crucial to understand wear processes and enhance clinical
prevention. Notably, the methodology for longitudinally assessing cervical wear differs from occlusal

and approximal tooth wear.
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vor dem REM und die stetige Moglichkeit, Neues zu lernen. AuRerdem danke ich Dr. Matthias

Hemmleb von point electronics fir seine Unterstitzung bei Softwareproblemen.

Ich danke dem Dentallabor von Marcus Ronicke in Hermannsburg fir den flexiblen Arbeitsplatz und
die Unterstltzung bei der Modellherstellung. Maik Siebler gebihrt mein herzlicher Dank fir seine
aullerst kompetente Unterstlitzung und Beratung zu statistischen Themen. Sein herausragendes ma-
thematisches Verstandnis hat mir die Grundlagen und Hypothesentests auf anschauliche Weise na-
hergebracht. Ebenso mdchte ich mich fiir seine unterstitzende Begleitung nach Rhodos zur Poster-
prasentation und zur abschlielenden Verteidigung herzlich bedanken. Ein grofser Dank geht an Mar-
kus Ehm von Tietgen&Ehm 3D Solutions fur die Einfihrung und Bereitstellung der Software Reshaper

3D zur genauen Vermessung des Abrasionsvolumens.

AuBerdem mochte ich noch meinem Lebenspartner Dr. Jan Linxweiler danken. Vornehmlich bin ich
fur sein unermudliches geduldiges Zuhoren, die Bereitstellung der notwendigen Technologien, fur
seine Rucksichtnahme und uneingeschrankten Aufmunterungen sowie fur jede einzelne Umarmung

in den schwierigen Phasen dankbar.

Von ganzem Herzen mdchte ich zuletzt noch meiner Mutter Brigitte Wilke fur ihre Geduld, Bereit-
schaft zum Zuhoren und fur die unaufhoérliche Unterstitzung in jeglicher Hinsicht danken. Ohne all

diese Unterstltzung ware diese Arbeit nicht moglich gewesen.
Widmen mochte ich die Arbeit meinen GrolReltern, meinem GroRvater Dr. Wolfgang Klein, der mit

seinen mittlerweile 102 Lebensjahren schon zahlreiche eigene Blcher veréffentlicht hat und meiner

GrofRmutter Anneliese Klein die ihm stets all die Jahre unterstitzend zur Seite stand.
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11 Curriculum Vitae

=  Personliche Daten

Familienname
Vorname
Anschrift

Geboren am
Geburtsort

Familienstand

Staatsangehorigkeit

Wilke

Katharina

Am Wasserturm 58
29223 Celle
17.12.1984
Albstadt

ledig

deutsch

= Beruflicher Werdegang

10/2023 — heute

01/2023 -09/2023
02/2021-12/2022
11/2018 - 11/2020

03/2015-09/2018

= Bildungsweg
Seit WiSe 2021

23. Madrz 2015
04/2009 - 03/2015
01/2009 - 03/2009
05/2008 - 12/2008
10/2005 - 04/2008

24. Juni 2005

Angestellte Zahnarztin in der Zahnarztpraxis OZeAHN in Didderse
Angestellte Zahnarztin in der Zahnarztpraxis Deneke in Wienhausen
Angestellte Zahnarztin in der Zahnarztpraxis Muden Aller
Assistenzzahnarztin in der Zahnarztpraxis Behn

Truppenzahnérztin und Orientierungslauf Sportkader bei der Bundeswehr

mit Teilnahme an den 6. Military World Games in Stidkorea

Promotionsstudentin an der Universitat Witten/Herdecke
Erteilung der Approbation als Zahnérztin — Regierung Oberbayern
Fortsetzung Studium der Zahnmedizin — Universitat Regensburg
Dreimonatige Grundausbildung bei der Bundeswehr

Studium der Zahnmedizin — Universitdt Regensburg

Studium Biologie und Chemie (Lehramt) - Universitat Tibingen

Gymnasium Balingen
Schulabschluss allgemeine Hochschulreife
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12 Eidesstattliche Erklarung

Katharina Wilke
Am Wasserturm 58
29223 Celle

Eidesstattliche Erkldrung

Ich versichere (an Eides statt), dass ich die zur Erlangung des Doktorgrades der Zahnheilkunde vor-
gelegte Dissertationsschrift mit dem Thema , Structural pathobiology of cervical wear by robot-simu-
lated three-year toothbrushing” selbststéindig und ohne unerlaubte fremde Hilfe angefertigt und die

in der Arbeit verwendete Literatur vollstandig zitiert habe.
Die nachfolgend genannten Personen haben mich bei der Methodik, Auswahl und Auswertung des
Materials sowie bei der Erstellung des Manuskriptes unterstitzt:

Prof. Dr. Dr. h.c. P. Gangler (PG)?, Dr. Sandor Nietzsche (SN)?.

Ich habe diese Dissertation weder in dieser noch in einer dhnlichen Form an einer anderen Hoch-

schule eingereicht.

Celle, der 29.11.2023 L ilhe
Ort, Datum Unterschrift

!Institute for Oral Medicine at the University of Witten/Herdecke, Germany

% Centre for Electron Microscopy, University Hospital Jena, Jena, Germany
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A.1 Vote of the Ethics Committee
Application number: SR-67/2021

= Approval on 3 May 2021 = Approval amendment on 8 January 2022

Ethik-Kommission der
Universitit Witten / Herdecke

Alfred-Herrhmsen-Sur. 40 4
Herm Sekreriat
Prof. Dr. med. dent. Dr, h, c. Peter Glingler
ORMED CEO .
Alfred-Herrhausen-Strafie 45
54455 Witten
-per Hauspost- ’

Antrag Nr. SR-67/2021 (bitte stets angeben)
ogy of toothbyrush wear e
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A.2 Information for study participants (tooth donation)

Praxisstempel

ORICE!

.
= son
Qn)vermta(

ORMED - Alfred-Herrhausen-Str.45 -
58455 Witten - Germany

Information fur Studienteilnehmende

Sehr geehrte Studieninteressentin, sehr geehrter Studieninteressent,

Bei Ihnen wurde heute aus strenger, medizinischer Indikation heraus ein Zahn gezogen.
Aus Sicht Ihres Zahnarztes ware |hr extrahierter Zahn / Ihre extrahierten Zdhne dazu geeignet,
in ein Forschungsprojekt aufgenommen zu werden. Daher moéchten wir Sie nach lhrer
Bereitschaft fragen, lhren extrahierten Zahn / lhre extrahierten Zahne fur dieses
Forschungsvorhaben zu spenden.

Ihre Zahnspende wird in die Studie aufgenommen. Zu lhrem Zahn / lhren Zéhnen
werden nur ihr Alter und der Extraktionsgrund notiert. Dartber hinaus findet keine Zuordnung
personenbezogener Daten statt. Es werden keine gendiagnostischen Untersuchungen
vorgenommen. AuRerdem erfolgt eine Begutachtung durch die zusténdige Ethikkommission.

Ilhre Teilnahme an dieser Studie ist Sie werden also nur dann einbezogen, wenn Sie
dazu schriftlich lhr Einverstandnis erkldren. Sofern Sie nicht an der Studie teilnehmen oder
spater aus ihr ausscheiden méchten (auch ohne Angabe von Griinden), entstehen fir Sie keine
Nachteile oder Konsequenzen jeglicher Art.

Grundlegende Informationen zur Studie:

Die Studie findet an der Universitatsklinik Witten/Herdecke in Kooperation mit der Friedrich-
Schiller-Universitat Jena statt und wird im Laufe dieses Jahres durchgefiihrt.

Der Zweck dieser Studie ist es verschiedene Zahnbirsten auf ihre Abriebkraft an der
Zahnhartsubstanz zu testen. Ziel ist es, dadurch in Zukunft Zahnbtrsten noch zahnfreundlicher
zu gestalten.

Vielen Dank fir lhre Teilnahme!

Folgende Personen stehen fiir Sie bei Riickfragen zur Verfligung:

Katharina Wilke
ORMED Institut
katie.wilke@gmx.de
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A.3 Declaration of consent (tooth donation)

Praxisstempel

orme oy

O
7 4N
Qn)vgrﬁit%l

ORMED - Alfred-Herrhausen-Str.45 -
58455 Witten - Germany

Einverstandniserkldrung zur Zahnspende

Die Zahnextraktion erfolgte aus strenger, medizinischer Indikation heraus.

Fir die Studie werden zu lhrer Zahnspende nur ihr Alter und der Indikationsgrund notiert.
Ansonsten werden keine personenbezogenen Daten erhoben.

Die Zahnspende wird in die Studie aufgenommen und kann lhnen dann nicht
mehr zugeordnet werden.

Es werden dabei keine gendiagnostischen Untersuchungen vorgenommen.

Ihr Einverstandnis zur Zahnspende erfolgt Es entstehen lhnen keine Nachteile,
wenn Sie dieses widerrufen.

Ich habe eine Kopie der Einverstandniserkldarung erhalten

Ich verzichte auf eine Kopie der Einverstandniserklarung.
Hiermit erkldre ich mich bereit, meinen extrahierten Zahn fiir das Forschungsprojekt am
ORMED-Institut an der Universititsklinik Witten/Herdecke zu spenden.

Ich bestdtige, dass ich die Informationsschrift erhalten habe und iiber den Zweck der
Studie informiert worden bin.

Ort, Datum Unterschrift Patient/in oder gesetzliche/r Vertreter/in
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A.4 Method for video observations

Bestimmung der Putzfrequenz

Or @)

Qn)\{ers|tat

ORMED - Alfred-Herrhausen-Str.45 -
58455 Witten - Germany

Methode zur Bestimmung der Putzfrequenz:
Ermittlung eines Durchschnittswerts

Die Rekrutierung der Probanden erfolgt mittels digitalen Aufrufs Gber die sozialen Medien.

Laut einer Studie (SCHLUETER u. a., 2010) wurde eine als

ausreichend erachtet, um Mundhygienetechniken zu erheben.

Interessierte Teilnehmer erhalten mindliche und schriftliche Informationen Uber das

Verfahren und den Zweck der Studie. Beim Erstkontakt wird aullerdem
zugesandt und die abgefragt.

Nach der informierten Zustimmung werden die Probanden gebeten, einen zuihren
Putzgewohnheiten auszufillen und ihre Zdhne auf ihre gewohnte Weise mit einer
Handzahnbirste und Zahnpasta zu reinigen und sich dabei selbst zu filmen.

Das Zahneputzen durchgefiihrt. Der
Proband filmt sich dabei selbst. Der Spiegel soll die Aufnahme erleichtern. Der Proband wird
instruiert mit den AuRenflachen der rechten Unterkieferzahne zu beginnen und sich dann zu
den unteren Frontzdhnen vorzuarbeiten, da dass die Region ist, fir die der Roboter
programmiert wurde. Zur Aufnahme kann ein Smartphone oder ein vergleichbares Gerat
verwendet werden.

sind: Ausschlusskriterien sind:
- die schriftliche, informierte - festsitzende kieferorthopadische
Einwilligung Apparaturen
- Alter 218 Jahre, Mitteleuropder - geistige oder korperliche
Behinderungen, die die
- ein Gebiss mit mehr als 20 Z&hnen Durchfihrung der Mundhygiene

beeinflussen konnten.
- ein Videoaufnahmegerat
- herausnehmbarer Zahnersatz
- der Besitz einer manuellen
Zahnburste

Die Daten werden (gemdpf3 Art.4 Nr.5 DS-GVO) erhoben. Dabei werden keine
individuellen Fallberichte erstellt, sondern nur ein Durchschnittswert ermittelt.

SCHLUETER, N. ; KLIMEK, J. ; SALESCHKE, G. ; GANSS, C.: Adoption of a toothbrushing technique: a
controlled, randomised clinical trial. In: Clinical Oral Investigations Bd. 14 (2010), Nr. 1, S. 99—
106
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A.5 Information for study participants (video observation)

Bestimmung der Putzfrequenz

@ M € ‘@.
@‘iﬁf.“.‘ﬁ?.

ORMED - Alfred-Herrhausen-Str.45 -
58455 Witten - Germany

Information fiir Studienteilnehmer*innen

Die Studie findet an der Universitatsklinik Witten/Herdecke in Kooperation mit der Friedrich-
Schiller-Universitat Jena statt und wird im Laufe dieses Jahres durchgefihrt.

f =

Der 7Zweck dieser Studie ist es, verschiedene
Zahnbirsten  auf  ihre  Abriebkraft an  der
Zahnhartsubstanz zu testen. Ziel ist es, dadurch in
Zukunft  Zahnbirsten noch zahnfreundlicher zu
gestalten.

Das Testprogramm fir die Zahnbdirsten wird von einem
Sechs-Achsen-Roboter ausgefiihrt. Der Roboter dient zur
Simulation der Zahnputzbewegungen des Menschen.

Allerdings fehlen in der Literatur bisher eindeutige
Daten Uber die durchschnittliche Geschwindigkeit von
Putzbewegungen. Diese Erhebung dient dazu, das
Abriebverhalten von Zahnbursten auf den Zdhnen
klinisch besser interpretieren zu kénnen.

Deswegen bitten wir Sie darum, sich

30 Sekunden lang beim Zdhneputzen zu filmen.

Daflir beginnen Sie bitte mit dem Zahneputzen im rechten Unterkiefer mit den duReren Flachen
der Seitenzdhne und arbeiten sich dann zu den unteren Frontzéhnen vor.

Das ist die Region, auf die der Roboter programmiert wurde. Bitte achten Sie darauf, dass wir
ihre Putzbewegungen auf dem Filmmaterial anschliefend erkennen kénnen.

Ihre Daten werden pseudonymisiert, d.h. in verschlUsselter Form (gemdfs Art.4 Nr.5 DS-GVO)
in die Studie aufgenommen. Es findet keine Zuordnung personenbezogener Daten statt. Das
gilt auch fur den beiliegenden Fragebogen. Die Erhebung findet im Rahmen einer Studie statt,
die bereits von der Ethik-Kommission begutachtet worden ist.

Ihre Teilnahme an dieser Studie ist freiwillig. Sie werden also nur dann einbezogen, wenn Sie
dazu schriftlich Ihr Einverstandnis erklaren. Sofern Sie nicht an der Studie teilnehmen oder
spater aus ihr ausscheiden mochten (auch ohne Angabe von Griinden), entstehen fir Sie keine
Nachteile oder Konsequenzen jeglicher Art.

Vielen Dank fir Ihre Teilnahme!

Ansprechperson bei Rickfragen:
Katharina Wilke - katie.wilke@gmx.de
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A.6 Video observation consent form

Bestimmung der Putzfrequenz
0 O.
@;lersitit

ORMED - Alfred-Herrhausen-Str.45 -
58455 Witten - Germany

Einverstandniserklarung zur Bestimmung der Putzfrequenz

Sie haben sich bereit erklart, ein Gber Ihre Putzgewohnheiten
aufzunehmen und es zur Auswertung fir die Studie freizugeben.

Fir die Studie wird das Video analysiert und es wird ggfs. der dazugehorige Fragebogen
ausgewertet. Es werden dabei keine personenbezogenen Daten erhoben.

Die Daten werden d.h. in verschlisselter Form (gemdf Art.4 Nr.5 DS-GVO) in
die Studie aufgenommen und werden lhnen dann nicht mehr direkt zugeordnet.

Ihr Einverstandnis zur Studienteilnahme erfolgt Es entstehen Ihnen keine Nachteile,
wenn Sie dieses widerrufen.

Hiermit erklare ich mich bereit, meine Videoaufnahme tber meine
Zahnputzgewohnheiten fiir das Forschungsprojekt am ORMED-Institut an
der Universitatsklinik Witten/Herdecke freizugeben.

Ich bestatige, dass ich die Informationsschrift erhalten habe und tber
den Zweck der Studie informiert worden bin.

Ort, Datum Unterschrift Proband/in oder gesetzliche/r Vertreter/in

Vi



Appendix

A.7 Questionnaire on tooth brushing habits

Bestimmung der Putzfrequenz

or@e 0!

Bl
Vorname: (Gripversizat
ORMED - Alfred-Herrhausen-Str.45 -
Name: 58455 Witten - Germany

Fragebogen zu ihren Zahnputzgewohnheiten 4

Ja Nein
Wourde lhnen jemals eine Zahnputztechnik vermittelt?
Wenn ja, von wem?
Welche?
Wie oft putzen Sie ihre Zdhne?
3x taglich 2x taglich 1x taglich nicht taglich
Wann putzen Sie ihre Zahne?
Vor dem Frihstick Nach dem Frihstlck
Nach dem Mittagessen Nach dem Abendessen
Nach Zwischenmahlzeiten Vor dem ins Bett gehen
Unterschiedlich
Wie lange putzen Sie ihre Zahne?
~ 30 Sekunden ~ 1 Minute ~ 1,5 Minuten
~ 2 Minuten >3 Minuten
Was ist ihre bevorzugte Putztechnik?
Horizontal (Schrubbend) Rotierend (Kreisend) Vertikal (Rot-WeiR)
Welche Zahnputzmittel verwenden Sie zur Mundhygiene?
Manuelle Zahnbiirste Elektrische Zahnburste Zahnpasta
Zahnseide Zahnstocher Zahnzwischenraumbdrste
Munddusche Mundspullésung Zuckerfreie Kaugummis
Sonstiges:

Vii



A.8 Video evaluation table
Video evaluation table:
(1 Hertz (Hz) = 1 (Double) stroke per second)
Coding Double strokes/s | Brushing technique (buccal) | Questionnaire | &' @
01. | EEd5gd4t 3.6 Hz Rotating yes £
02. | fPmgGVIU 3.8 Hz Rotating no 2
03.| UuvegoYB 4.0 Hz Vertical yes £
04. | jMR9kxRq 4.8 Hz Horizontal no L
05. cGmV96f8 3.2 Hz Rotating & Horizontal no 2
06. UcMPjul5 3.8 Hz Horizontal & Pen grip yes It
07. PWBcYUf2 4.1 Hz Rotating yes N
08. Vmaz2eziZ 5.2 Hz Vibrating, Rotating no 2
09. | VeéraDghw 4.1 Hz Rotating no It
10. | ded4EyNSv 3.5 Hz Rotating no 2
11. | fGZYgNA7 4.6 Hz Horizontal no It
12. BVRXrPnv 3.3 Hz Vertical no 2
13. NustDkw5 7.0 Hz Vibrating, Horizontal no It
14. | ZuwdQJNU 3.6 Hz Horizontal & Vertical no It
15. | 6EWYGk6L 5.3 Hz Horizontal no It
16. | PZTC8nsm 3.7 Hz Vertical no 2
17. JZ2cvdsa 5.4 Hz Rotating & Horizontal no AN
18. | WQbwQVri 3.8 Hz Rotating no It
19. | TMAtEbLi 4.4 Hz Rotating no 2
20. | w3EMATWB 4.1Hz Rotating no 2
21. | 8uUbhmra 4.0 Hz Rotating yes £
22. nJcWBvyv 4.5 Hz Horizontal no It
23. r8JXqdzz 4.5 Hz Rotating yes 2
24. | Ba9HVUvp 4.5 Hz Rotating & Horizontal yes 2
25. | wc6GRs9h 4.8 Hz Horizontal yes It
26. | ZV3FwfT 3.9 Hz Horizontal yes 2
27. | KySmy9F) 3.8 Hz Horizontal no £
28. RUgzFUnh 4.7 Hz Rotating & Horizontal no It
29. | mnn76mkw 4.0 Hz Horizontal & Vertical no 2
30. | 4RKap3PS 4.2 Hz Rotating no 2
31. | eTVRPMLA 4.4 Hz Rotating no 2
32. | us6hXYXT 2.8 Hz Rotating & Vertical no £
33. | ox3fBRIG 4.5 Hz Horizontal no £
34. | Ae639VmS 4.2 Hz Horizontal no £
35. fzfYFFTD 4.1Hz Rotating no 2
36. | APCEndXr 4.6 Hz Rotating yes £
37.| PoQG2FNi 4.0 Hz Rotating no 2
38. | GuQsjKvM 4.8 Hz Vibrating, Vertical no £
39. LL2CLsEQ 3.5 Hz Horizontal no 2
40. | c8UV5WT2 4.8 Hz Rotating & Vertical no 2
41. Pg3EAXjc 4.2 Hz Rotating no £
42. | NXEHB24m 3.6 Hz Vertical yes £
43. JxXm9J9x 4.8 Hz Rotating no A
44. |  yGR7KAnt 4.6 Hz Rotierend & Vertical no A
45. |  BxW3Njpu 4.5 Hz Rotating no A
46. | 5zGbm5LL 4.6 Hz Rotating & Horizontal no J
47. QBiNA9aJ 4.9 Hz Horizontal no J
48. | pXMVmDDB 4.4 Hz Rotating & Vertical no 2
49. | gNAgAigX 4.2 Hz Rotating no £
50. |  SjoHJjxW 4.3 Hz Horizontal no £
Average: Double strokes/s | Brushing technique (buccal) | Gender: 322/ 185"
Rotating: 4.19 Hz 20x Rotating (40%) *Mixed distribution:
Horizontal: 4.48 Hz 14 x Horizontal (29%) I+ h 5x: 46%
Vertical: 3.5 Hz 5x Ve.rtlcal (10%) b+ 2x: 18%
Insgesamt: 4.14 Hz 11x Mixed (22%) *
r+ v 4x: 36%

viii
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A.9 Evaluation of robot tooth brushing programmes

Brushing programme:

1%t Contact phase
The robot arm passed through eight

different positions.

2"d Contact phase
The robot arm passed through three

more positions.

Horizontal

Contact time: 17s
<:> Speed: 2.6 Hz

(Back and forth)

4 horizontal strokes per position in
12 seconds. (8 positions x 4 strokes)

= 32 horizontal strokes

4 horizontal strokes per position in
5 seconds. (3 positions x 4 strokes)

= 12 horizontal strokes

Since the horizontal programme was run through twice for each brushing cycle and

a half stroke was additionally applied during repositioning, this results in a total of

90 strokes in 17 seconds.

Evaluation strokes per tooth:

Counting the positions in which the respective tooth was brushed horizontally:
47:3x, 46: 4x, 45: 4x, 44: 4x, 43: 4x, 42: 4x, 41: 4x

Each buccal tooth surface experienced 16 horizontal strokes during one cycle.

Since the programme is run through twice, this results in a total of 32 horizontal strokes per tooth.

Brushing programme:

15t Contact phase
The robot arm passed through eight

different positions.

2"d Contact phase

The robot arm passed through three

more positions.

Rotating
Contact time: 19s
Speed: 1.7 Hz
(360° rotation)

@)

3 rotating strokes per position in
14 seconds. (8 positions x 3 strokes)

= 24 rotating strokes

3 rotating strokes per position in
5 seconds. (3 positions x 3 strokes)

= 9 rotating strokes

During the rotating programme, a total of 33 rotating strokes

are performed in 19 seconds.

Evaluation strokes per tooth:

Counting the positions in which the respective tooth was brushed rotationally:
47:3x, 46: 3x, 45: 3%, 44: 3x, 43: 3x, 42: 3x, 41: 3x

Each buccal tooth surface experienced 9 rotating strokes during one cycle (@ 3 positions x 3 rotating strokes).

Brushing programme:

15t Contact phase
The robot arm passed through eight

different positions.

2"d Contact phase
The robot arm passed through three

more positions.

Vertical

( Contact time: 22s
Speed: 1.5 Hz
(Upward brushing)

3 vertical strokes per position in
16 seconds. (8 positions x 3 strokes)

= 24 vertical strokes

3 vertical strokes per position in
5 seconds. (3 positions x 3 strokes)

= 9 vertical strokes

During the vertical programme, a total of 33 vertical strokes

are performed in 22 seconds.

Evaluation strokes per tooth:

Counting the positions at which the respective tooth was brushed vertically:
47: 2%, 46: 3x, 45: 3x, 44: 3x, 43: 2x, 42: 3%, 41: 3x

Each buccal tooth surface experienced 9 vertical strokes during one cycle (g 3 positions x 3 vertical strokes).
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A.10 3D SEM calibration protocol

Beam Mag. BSE Scan Save
Prep. Fila | Emis | Spot | WD | Disp. Real horiz | dark | bright | pixel/ | sph- | z-cor. 1602
time | cor. (date)
1024
Ad2pre |7 |60 |5 267 | 254 | 23.9 Vv Vv | 60% Lol 11.6 | 0.915 | A42pre_date
1024
A42post | 6 40 5 26.7 | 25.4 23.9 N N 52% 101 11.6 | 0.915 | A42post_date

Fila: Filament (= wire of the glow cathode).

Emis: Emission (= number of emitted electrons).

Spot: = Diameter of the electron beam. WD: Working distance.

Disp: Magnification shown on display.

Real: Effective magnification after checking the lateral scaling.

horiz: The mean measured value of total yield on a horizontal plane.

dark: Zero balancing of all detectors when the primary beam is

switched off.

bright: Amplification correction of all four detectors with the primary beam

switched on.

pixel/time: Resolution 1024 x 1024, raster scan time: 1.01 min
(faster by a factor of 4 than 2048).

sph-cor: Spherical correction using a horizontal calibration body.

Number = radius of the virtual correction sphere.

z-cor: Depth calibration by comparison with a calibration notch of known depth.

Save: Name of the saved height profile data set.

Using the control panel of SEM, electron beam was adjusted so that signal output was optimal in terms of our intended

usage. First, function of filament (= wire of the incandescent cathode) was checked. As the tungsten wire gets thinner

over time and sometimes bends up, the heating current had to be adjusted to possible changes before each application.

Emission, i.e., the number of electrons emerging from the wire, is adjusted. The spot describes the probe diameter and

was set to five for all following investigations, as this relatively large aperture is well suited for low magnifications.

A.11 Key parameters for in vitro tooth brushing studies

1. The brushing force exerted by each brush head should be accurately and conveniently

controlled.

ok owen

The brushing speed should be controlled.

being currently the most common design.

A homogeneous paste slurry must be maintained during the test period.

It should be possible to test a range of different paste slurries within the same experimental run.

Individual specimens should be exposed to the same slurry rather than being individually isolated, the latter

6. Wear levels should be sufficient to facilitate the measurement of tissue loss in order to optimise accuracy,

precision and resolution.

7. The temperature should be controlled and physiologically relevant.

8. The methodology should be straightforward and require minimal set-up time.

by Parry et al. (2008)




