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General introduction

1. Resin-based dental composite
Since the 1970s, resin-based dental composites have been increasingly used in
restorative dentistry [1]. These composites are composed of a hydrophobic organic
resin matrix phase (acrylic resin), a dispersed phase consisting of hydrophilic
inorganic (silica-based) glass filler particles, and a silane coupling agent to improve
adherence of the resin matrix to the dispersed filler particles. During the past
decades, strong progress has been made regarding the design and optimization
of new types of resins and fillers, which have considerably improved the functional
performance of resin-based dental composites in terms of both mechanical and
aesthetic properties. Consequently, resin-based dental composites are widely
employed in a wide variety of clinical applications in restorative dentistry, including
dental restorations, and luting agents to endodontic posts and cores [1]. Although
resin-based composites can be used for both direct and indirect restorations,
direct resin-based composite restorations are most frequently applied since they
are considerably cheaper and more easy to be clinically applied, which contributes
to oral health-related quality by means of minimally invasive techniques [2].

2. Wear of teeth and dental composites
Severe tooth wear is tooth wear with substantial loss of tooth structure (with
dentine exposure) and significant loss (more than one third) of the clinical crown) [3].
Patients with severe tooth wear can benefit from efficient treatment using direct
resin-based composites due to their lower cost and less time-consuming clinical
application than indirect resin-based composites [4]. However, the prevalence of
tooth wear has increased during the past decades, which results in an increasing
number of patients with severe tooth wear who need highly complex restorative
care [5]. Consequently, dental resin-based composites applied in patients with
severe tooth wear face enhanced mechanical and chemical challenges compared
to patients who do not suffer from pathological tooth wear [6]. Considering the
extreme conditions in the oral environment, mechanical properties of direct resinbased composites should be optimal for this specific group of patients at high-risk.
To achieve optimal functional performances of dental resin-based composites,
a wide variety of requirements should be fulfilled, including basic material
properties such as clinical handling, biocompatibility, water sorption, thermal
expansion, radiopacity, aesthetic performance as well as mechanical properties
such as compressive/tensile strength, stiffness, hardness and wear [1]. Tooth wear
is a physiological phenomenon; however, for severe or pathological tooth wear the
management of tooth wear must focus on prevention, counseling, and monitoring [5].
13
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In case a functional or aesthetic problem is present or occurs in the monitoring
period, a restorative treatment plan should be considered [5, 7].

Fig. 1 Intraoral photos of a patient with severe tooth wear before treatment (on the left), after treatment (in the
middle), and after treatment 3 years (on the right) using direct resin-based dental composite restorations. Some
wear features on direct resin-based dental composite are visible after treatment 3 years (marked with
black arrows).

Evidently, satisfactory clinical behavior of resin-based composites is important
for treatment of severe tooth wear patients using direct restorations. One of the
main failure reasons is fractures (chipping and adhesive fractures) [8], but from
the available prospective studies, wear of the restorations also seems to become
a relevant factor for failure of the restorations [9]. Wear is defined as material
displacement and removal under the influence of frictional forces. Generally, three
types of wear are discerned in the oral environment, i.e. i) abrasive wear including
two-body abrasion and three-body abrasion, ii) corrosive wear caused by chemical
14
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influences, and iii) fatigue wear caused by cyclic loading and resulting microcrack
formation and propagation [1, 10].
Recently, researchers at the Department of Dentistry at Radboudumc showed that
direct resin-based dental composites exhibit a favorable clinical performance when
used for the treatment of moderate/severe tooth wear patients [9]. Nevertheless,
visible signs of wear were clearly detected on the occlusal surface of these resinbased composite restorations, which were still at an acceptable level (Fig. 1) [3].
2.1 Patient factors affecting wear of dental composites
The relation between influences of patient factors on wear behavior of restorations
is unclear, but it would be rather logical that factors such as age, gender, biting
force, etc may affect the progression of wear over time. Several studies focusing
on the effect of patient factors on tooth wear reported age, gender, etiological
factors (gastric risk factors), dietary factors, parafunctional factors, and bite
force as relevant factors to affect tooth wear [11-14]. Age and gender have been
commonly studied, but a correlation of age and gender with tooth wear has
not yet been reported, although concerns (in young group) have risen on the
increasing prevalence of tooth wear [15, 16]. In a 12-month clinical follow-up study,
the relationship between tooth wear and dietary, parafunctional, and gastric
risk factors has been discussed, indicating that lower molars and upper anterior
teeth were most commonly affected by gastric risk factors and consequently
most severely affected by severe tooth wear [15]. In addition, biting force is also
considered an important patient factor affecting tooth wear. Due to an increase of
VDO is a necessary requirement to provide sufficient space for restorations during
the treatment of severe tooth wear patients, and the close relationship between
biting force and VDO [17], VDO is also an interesting patient factor to investigate.
Most of these patient factors have been extensively studied in several tooth wear
studies [15, 18, 19], but the effect of these patient factors on wear behavior of direct
resin-based composite restorations in severe tooth wear patients has not been
previously reported [20]. Overall, to improve our understanding of the feasibility
and efficacy of clinical treatments in restorative dentistry, there is a strong need
for convincing clinical evidence on the effect of patient factors on wear behavior
of direct resin-based dental composite restorations.
2.2 Material properties affecting wear of dental composites
Besides patient factors, improved material mechanical properties are also known to
benefit the clinical performance of dental resin-based composite restorations [21].
Unfortunately, the influence of material properties on wear behavior of resinbased composite restorations applied in severe tooth wear patients remains to
15
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be elucidated. Generally, increasing filler content and reducing filler size improve
the wear performance of resin-based composites in vitro [22-24]. For instance,
microhybrid composites (Clearfil AP-X) showed superior wear behavior as
compared to nanocomposites (IPS Empress Direct Ename and IPS Empress Direct
Dentin) as shown by toothbrush abrasion studies [25]. Nevertheless, clinical wear
of different types of direct resin-based dental composites in severe tooth wear
patients has not yet been systematically studied.

3. Fracture of dental composites
One of the most common causes for (mechanical) failure of dental resin-based
composite restorations is fracture of the restorations [26]. Generally, various types
of fracture are related to fatigue wear. Due to the long-term cyclic loading of
resin-based composites in the aggressive oral environment, debonding between
the hydrophilic glass filler particles and the hydrophobic resin matrix compromises
stress transfer from the matrix to the filler particles [21]. Fatigue wear is initiated
by microcrack formation, which results in crack proliferation and coalescence to
larger cracks that may ultimately lead to macroscopic composite fracture [1]. This
deterioration, fracture of resin-based composites, strongly impacts the field
of restorative dentistry at large, since replacement of failed restorations with
direct resin-based dental composite consumes about 50% - 70% of the dentist’s
professional time, resulting in annual costs of about $5 billion in the United States
only [27].
Several approaches have been proposed to improve the fracture resistance of
resin-based dental composites, mainly by enhancing the mechanical performance
of either the resin matrix, glass fillers, or coupling agent. An entirely different and
more recent approach entails the development of self-healing dental resin-based
composites enabled by incorporation of microcapsules containing a polymerizable
acrylic healing liquid into the composite matrix. This strategy allows to repair
microcracks in the composite matrix to prevent further crack propagation, thereby
improving the fracture resistance of dental resin-based composites.
Self-healing polymer composites containing microcapsules filled with healing
liquids were first introduced by the group of Scott White in 2001 [28]. This system
contained two main components, i.e. i) microcapsules containing a polymerizable
self-healing liquid, and ii) initiator/catalysts triggering the polymerization of the
healing liquid. Since the early 2000s, several studies have been published on the
translation of this extrinsic self-healing concept towards direct resin-based dental
composites in an attempt to improve their long-term mechanical performance. The
16
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schematic structure of a self-healing direct resin-based dental composite containing
a self-healing microcapsule system is shown in Fig. 2. The two components were
homogeneously dispersed throughout these self-healing polymer composites
(Fig. 2A). When proliferating microcracks reached the microcapsules, these capsules
ruptured due to strong bonding between the microcapsule shell and the acrylic
matrix, thereby releasing healing liquids from the microcapsules into the cracks
(Fig. 2B). Subsequently, polymerization of these healing liquid-filled cracks was
induced after establishing direct contact with the matrix-embedded initiator/
catalysts to stop cracks from further proliferation (Fig. 2C) [28]. These microcapsulereinforced dental composites exhibited self-healing properties, as evidenced by
quantification of the fracture toughness before and after self-healing [29-32]. However,
the influence of important material properties such as the dimensions and amount
of the microcapsules and initiators/catalysts on the self-healing capacity of these
dental composites is still poorly understood. Some studies found that increasing
microcapsule concentrations enhanced the self-healing efficiency of these selfhealing dental composites [30, 31], but the influence of microcapsule size and initiator
properties on the self-healing capacity was not studied. Therefore, a systematic
investigation of the effect of both microcapsule and initiator properties on the selfhealing capacity of direct resin-based dental composites remains to be performed.
Although microcapsule-enriched dental composites have been designed with the
overall aim to enhance their long-term durability and reduce fatigue wear upon
dynamic long-term loading in the oral environment, self-healing properties of
dental composites are currently still assessed using static fracture toughness.
These methods can confirm the self-healing capacity under extreme conditions
leading to complete fracture, but these static tests do not correspond to the selfhealing ability required to heal microcracks in situ and prevent the formation of
large cracks leading to catastrophic failure. Therefore, the self-healing capacity of
dental composites enriched with microcapsules containing healing liquids should
be performed in vitro under conditions, mimicking the dynamic loading conditions
and wet environment of the oral cavity more closely than simple static mechanical
tests.

17
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Fig. 2. Schematic representation of a self-healing dental resin-based restoration . Microcapsules
(containing polymerizable self-healing liquids) and initiator/catalysts are homogeneously dispersed
throughout these self-healing resin-based composites (A); Proliferating microcracks reach the
microcapsules resulting in capsule rupture and release of healing liquids from the microcapsules into
the cracks (B); Subsequent polymerization of these healing liquid-filled cracks prevents cracks from
further proliferation (C).

1.4 Objectives
The current thesis studied i) clinical wear of direct resin-based dental composites
and ii) the development of self-healing dental composites with improved longterm fatigue resistance as a potential solution to fracture which is related to
the fatigue wear of dental composites. In part I of this thesis, clinical data were
retrospectively analyzed in which the wear of direct resin-based dental composite
was quantified. The influence of both patient factors (Chapter 2) and the type of
composite (microhybrid vs. nanocomposite, Chapter 3) on the wear behavior of
direct resin-based dental composite was studied. Part II of this thesis presented
the design and fatigue testing of self-healing dental composites enriched with
microcapsules containing polymerizable healing liquids. To this end, a commercial
flowable resin-based composite was used to investigate the influence of
18
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microcapsule and initiator parameters on the self-healing efficiency under static
conditions (Chapter 4). Finally, two different fatigue test methods were employed
to quantitatively evaluate the long-term fatigue behavior of self-healing resinbased dental composites enriched with microcapsules containing polymerizable
healing liquid (Chapter 5).
This thesis addresses the following research questions:
1. How do patient factors affect wear behavior of resin-based composite
restorations in tooth wear patients? (Part I, Chapter 2).
2. Is wear (maximum height loss) of dental resin-based composite restorations
tooth wear patients different for hybrid vs. nanocomposites? (Part I, Chapter 3).
3. What is the influence of microcapsule parameters and initiator concentration
on the self-healing capacity of resin-based dental composites enriched with
microcapsules containing polymerizable healing liquids? (Part II, Chapter 4).
4. Is the fatigue performance of self-healing resin-based dental composites
enriched with microcapsules containing healing liquids superior to conventional
microcapsule-free dental composites? (Part II, Chapter 5).

19
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The influence of patient factors on wear behavior of direct composite restorations in tooth
wear patients: a 5-year clinical study

1. Introduction
The cause of tooth wear is complicated and can be described as a multifactorial
process involving a complex interplay of biological, mechanical, chemical and
host factors [1]. In case tooth wear leads to functional and or esthetic problems,
a restorative treatment should be discussed with patients [2-4]. Nowadays, dental
composite restorations have shown good mid-to-long-term results in these highrisk patients [5, 6].
Compared with indirect restorations, direct composite restorations are more
suitable from the perspective of “minimally invasive treatment”, preservation of
sound tooth tissue and cost [7]. From a prospective clinical study, it was concluded
that the annual failure rate of direct composite restorations placed in severe tooth
wear patients was around 2.3% after a period of 5.5 years [5]. The main reason for
intervention was related to fractures of the restorative material. However, the
wear behavior of these composite restorations on (mid-)long term is still unclear.
Recently, the wear behavior of two different types of direct composite restorations
was discussed in a 5-year clinical study on severe tooth wear patients, where a
microhybrid composite and a nanocomposite showed different wear behavior
under certain clinical conditions [8].
Besides material factors, patient factors may also play a role in the wear behavior
of direct composite restorations. In tooth wear-related studies, patient factors
such as muscular forces [9, 10], age [11-14], gender [13, 15], etc. have been studied before.
However, the influence of these patient factors on wear behavior of direct
composite restorations has not been investigated yet.
Besides the commonly used patient factors age and gender, also the increase of
vertical dimension of occlusion (VDO) is a relevant factor in the treatment of tooth
wear patients. Increasing the VDO is a necessary procedure to create enough
interocclusal space for the restorations. Moreover, it was found that a higher
increase of VDO increase decreased the failure risk of restorations [16]. Therefore,
the VDO may also affect the wear behavior of the restorations.
Generally, the origin of tooth wear can be regarded as multifactorial, in which both
mechanical and chemical processes, either extrinsic or intrinsic, are responsible for
the loss of tooth material [4]. For physiological tooth wear, it is often no need for
treatment, but pathological tooth wear is different. To diagnose the specific type
of tooth wear sometimes is impossible and patients can have both mechanical and
chemical factors, but some morphology features are quite unique to indicated
27
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the mechanical and chemical factors. Wear morphology features/phenotypes are
different for mechanical (e.g. impression lower teeth into the palatal surface of
the upper front teeth) and chemical types (e.g. raised restorations). Instead of
diagnosing the specific type of tooth wear, an analysis of these features may help
to identify the possible risky factors in different patients. Therefore, based on
the feature evidences, it is possible to discovery the influence of mechanical and
chemical factors on the wear behavior of direct composite restorations. In addition,
there were some interesting findings about influences of jaw position and bearing
cusps on wear behavior of composite restorations [8]. Hence, combining the effects
of jaw position and bearing condition can provide a better overview of factors
related to wear behavior of direct composite restorations.
3D scans can conveniently record the intraoral data, and using image software,
quantitative measurements can be performed nowadays. Quantitative measurements have already been used in tooth wear analysis [4, 17, 18]. In a previous study, it
was shown that the ‘modified reference-based alignment’ on intraoral 3D scans is
a reliable and reproducible technique to evaluate height loss of direct composite
restorations over a 5-year period of time [8].
Therefore, considering the current limited knowledge of patient factors on wear
behavior of direct composite restorations in patients with moderate to severe
tooth wear, this clinical study aimed to quantitatively evaluate the patient risk
factors (age, VDO increase, biting force, and etiological factors) on wear behavior
(height loss) of direct composite restorations. A simplified tooth wear evaluation
system was formulated to indicate the etiological (mechanical/ chemical) factors.
In addition, the influence of jaw position (maxillary and mandibular) and bearing
/ non-bearing cusps were also included in this clinical study due to the previous
clinical findings.

2. Methods
2.1 Participants
Participants with tooth wear problems were referred by their general dental
practitioners to the Radboud Tooth Wear Project at the Department of Dentistry
of the Radboud University Medical Center in Nijmegen (The Netherlands). This
clinical study is a sub-study of a large clinical trial existing of two restorative arms
(ethical approval was obtained, CMO Arnhem-Nijmegen file No. NL30346.091.10 +
NL31371.091.10) [3]. All participants agreed to sign an informed consent document
before participating in the clinical study.
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General inclusion criteria of the Radboud Tooth Wear Project were:
1. Patient age ≥18 years;
2. Moderate to severe tooth wear with patient demand for treatment (the Tooth
Wear Index, TWI ≥ 2 [19]);
3. Full dental arches, a single diastema due to one missing posterior tooth per
jaw was allowed;
4. Estimated need for an increase in the vertical dimension of occlusion (VDO)
Patients with specific individual risk factors, such as bruxism or patients with GORD
(Gastro-Oesophageal Reflux Disease), were not regarded as exclusion criteria.
Exclusion criteria were:
1. Limited mouth opening;
2. (History of) Temporomandibular dysfunction;
3. Advanced periodontitis, deep caries lesions, or multiple large restorations
including teeth with endodontic problems;
4. Local or systemic conditions contra-indicating dental treatment.
Additional inclusion criteria for this sub-study were used. Firstly, from both
research arms of the project, only patients fully treated with direct composite
Clearfil AP-X (Kuraray, Osaka, Japan) in the posterior areas and palatal side of
anterior teeth in combination with buccal veneers of IPS Empress Direct (Ivoclar
Vivadent, Liechtenstein) were selected. Secondly, intraoral 3D scans posttreatment 1 month (baseline) and after 5 years (recall) should be available to allow
for patient inclusion.
Data collection:
All participants were asked about their age (at intake) and gender, moreover, the
biting force (N) after treatment 1 month was measured (average biting force on
right and left sides) at the location of the first molars. The applied increase of
the vertical dimension of occlusion (VDO) was digitally measured by a 3D mesh
processing software (MeshLab 2020, www.meshlab.net) based on the scans before
and after treatment according to the procedure as described by Mehta et al. [16].
Intraoral digital photographs and 3D scans acquired during intake were evaluated
on the presence of morphological criteria of tooth wear lesions to assess the
etiology of tooth wear [4, 20, 21]. A simplified tooth wear etiological evaluation
system was formulated with the most discriminative features for mechanically and
chemically related tooth tissue [22] (Table 1).
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30

Chemical
features
Tooth
Tooth
Tooth

2. Loss of convexities on palatal side of maxillary
teeth

3. Enamel 'cuff' in gingival crevice

Tooth

1. Raised' restorations (no restorations score 1)

2. Wear facets on palatal side of maxillary anterior
teeth corresponding with mandibular anterior teeth

47 46 45 44 43 42 41 31 32 33 34 35 36 37

17 16 15 14 13 12 11 21 22 23 24 25 26 27

47 46 45 44 43 42 41 31 32 33 34 35 36 37

17 16 15 14 13 12 11 21 22 23 24 25 26 27

47 46 45 44 43 42 41 31 32 33 34 35 36 37

17 16 15 14 13 12 11 21 22 23 24 25 26 27

47 46 45 44 43 42 41 31 32 33 34 35 36 37

17 16 15 14 13 12 11 21 22 23 24 25 26 27

Table 1. A simplified tooth wear etiological evaluation system with five most commonly used mechanical/chemical etiology phenotypes
Level of
Aimed tooth with FDI dental notation (gray: non-study
Features
evaluation
tooth)
Mechanical 1. A similar degree of occlusal/incisal wear in both
Sextant
17 16 15 14 13 12 11 21 22 23 24 25 26 27
features
arches
47 46 45 44 43 42 41 31 32 33 34 35 36 37
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Scoring options for each feature is 0 and 1 (0: absent, 1: present). The ranges of the
number of mechanical and chemical features are 0 to 2 and 0 to 3, respectively. All
the mechanical and chemical features were scored independently by two observers
(BL and LC) from light images and 3D scans. If there was a disagreement between
the observers, a consensus was obtained.
2.2 Restorative treatment with direct composite restorations
To create interocclusal space for the restorations all patients were rehabilitated in
an increased vertical dimension of occlusion (VDO). Direct composite restorations
were placed with minimally invasive additive techniques. To control the moisture,
rubberdam or cotton rolls and suction devices were used, and appropriate
matrix systems and wedges were used during the shaping process. A 3-step
etch-and-rinse adhesive was applied based on the manufacturer’s instructions:
37% phosphoric acid (DMG, Hamburg, Germany), Clearfil SA Primer, and Clearfil
Photobond (Kuraray). Microhybrid composite restorations (Clearfil AP-X, Kuraray)
were used in this clinical study. The Direct Shaping by Occlusion (DSO) technique,
where patients occlude on soft composite prior to polymerization, was used to
construct composite restorations [23] and a Bluephase 16i unit (maximum output
1.600 mW/cm2; Ivoclar Vivadent) was used to light cure the composite restorations.
to promote aesthetics, buccal direct veneer restorations on anterior teeth were
placed using a nano-hybrid composite (IPS Empress Direct, Ivoclar Vivadent).
To increase the bonding in teeth with pre-existing composite restorations,
the adhesive surface of the tooth was air-abraded using CoJet sand (30 µm,
3M, Seefeld, Germany). Additionally, a silane coupling agent (Clearfil Porcelain
Activator, Kuraray) was used based on the bonding procedure of Clearfil SA Primer
and Clearfil Photobond (Kuraray). The restorations were finished with fine-grit
diamonds and rubber points. Aluminum oxide discs or abrasive finishing strips
were used for interproximal surface finishing.
2.3 Follow-up and height loss measurements
After treatment 1 month (baseline), scans were recorded when patients visited
the clinic for final adjustments 1 month after finishing. The recall scans were taken
at the 5-year recall appointment. The dentition was documented using clinical
examination, photographs and intraoral 3D scans (LAVA COS / True Def, 3M), which
was conducted following the manufacturer’s instructions. The patients were at a
sitting position during intraoral scanning (Optragate, Ivoclar Vivadent). Teeth were
rinsed, air-dried and lightly dusted with high-resolution scanning spray (3M). After
scanning, the scans were stored in the web-based platform (Casemanager, 3M).
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For this study, 6 index teeth (both maxillary central incisors and all first molars [18])
for each patient were included to measure the height loss over time (Fig. 1a).
Recall scans were compared with the baseline scans to measure the vertical height
loss according to the protocol as previously published [8]. All measurements were
performed on tooth level (e.g. tooth #46, scans of baseline and year 5, Fig. 1b-f) by
manually isolating each tooth scan (Fig. 1b). Using Geomagic Qualify (3D Systems,
Morrisville, North Carolina, USA) two scans of interest were aligned using ‘Best
Fit Alignment’ function based on the whole tooth surface (Deviation Elimination:
1), (Fig. 1c). Subsequently, manually the locations showing wear facets on the
combined image were manually deselected (Fig. 1d). A new ‘Best Fit Alignment’
was performed based on the new modified reference areas, and the quality of the
best fit was checked by the 3D comparison (with a spectrum/ heatmap) and ‘crosssections’ (perpendicular to the surface in buccal-palatal/lingual direction) (Fig.
1e). ‘3D Compare’ was used to visualize differences between the scans, where the
baseline scan was selected as ‘reference’ and the recall scan as ‘test’. The darkest
blue area indicated the largest amount of wear and, quantified height loss was
measured by the heatmap (Fig. 1f 1). ‘2D Dimensions’ was used on the location
where the largest loss of material was expected (Fig. 1f 2).
For maxillary central incisors, material height loss was quantified at the incisal
edge and palatal area; for first molars, the occlusal surfaces on mesio-buccal,
disto-buccal, mesio-lingual and disto-lingual cusps were measured. The maximum
height loss per location was expressed in millimeters (mm).
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Fig. 1. Schematic diagram of the index teeth with green color (a) and a flowchart of quantification
procedure of the amount of wear using Geomagic Qualify (b - f). Manually isolation of each tooth scan
(b); a ‘Best Fit Alignment’ based on the whole tooth surface and checked by the 3D comparison (c);
manual deselection of locations showing wear facets (d); a new ‘Best Fit Alignment’ based on the new
modified reference areas and checked by the 3D comparison and ‘cross-sections’ (e); quantification of
height loss by the heatmap (f 1) and 2D Dimensions (f 2).

2.4 Statistical analysis
The inter-observer performance on height loss measurement was analyzed with
a paired t-test. Subsequently, the correlation between both measurements, the
duplicate measurement error (DME), the mean difference (diff), 95% CI, and p
values were calculated. The relation between patient factors and height loss was
analyzed with multilevel multiple regression models with a random intercept for
a patient to allow for the presence of several height losses within one patient.
This was done separately for incisors and molars. In both cases the residuals were
skew and therefore the procedure was augmented with a 1000-fold bootstrapping
process to get unbiased 95% confidence intervals and p-values. All analyses were
done with R version 3.6.2. [24].
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3. Results
3.1 Observer performance test
The height loss summary statistics for observer performance tests are shown
in Table 2 and Fig. 2. Two observers measured 30 patients independently. The
observer performance test by paired t-test showed a fairly high correlation result
(0.809), and a small duplicate measurement error (DME) and a mean difference
between two observers (Diff) were found [8], but there was a significant structural
difference ([0.015...0.042], p < 0.001). However, based on the DME result, the
random error of the height loss measurement by two observers was small,
therefore, the measurement (height loss) difference caused by the structure
difference is relatively small.
Table 2. Observer performance test on height loss measurement by paired t-test (height
loss measurement N = 441)
Comparison
Correlation
DME
Diff
95% CI
p
Two observers
0.809
0.103
0.029
[0.015...0.042]
<0.001

Fig. 2. Bland-Altman plot presenting the two observer performance of the wear (height loss)
measurements.

3.2 Overview of the study population and height loss
From the 122 patients restoratively treated, 38 patients were eligible to be
included in this sub-study. The descriptive information for this study population
is shown in Table 3. The mean height loss in central incisor vs. first molar, first
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molar bearing cusp vs. first molar non-bearing cusp, and maxillary first molar vs.
mandibular first molar are shown in Fig. 3.
Table 3. The descriptive information of the study population
Descriptive information
Age (y)
35.2 ± 7.6 (min: 19.9, max: 52.8)
Gender
6 females, 32 males
VDO increase(mm)
1.60 ± 0.74 (min: 0.41, max: 3.70)
Biting force (102 N)
4.00 ± 1.69 (min: 1.05, max: 7.60)

2



Fig. 3. The overviews of height loss measurements in five years. The mean and standard deviation of
height loss (mm) in both maxillary central incisors (incisor, 0.232 ± 0.188 mm) and all first molars (molar,
0.426 ± 0.243 mm) (a); the mean and standard deviation of height loss (mm) of molars on maxillary
bearing cusps & maxillary non-bearing cusps (0.476 ± 0.234 mm versus 0.386 ± 0.189 mm) and mandibular
bearing cusps & mandibular non-bearing cusps (0.530 ± 0.267 mm versus 0.310 ± 0.218 mm) (b).

3.3 Analysis of different patient factors on height loss
For the incisors, the effect of biting force, etiological factor score (number of
mechanical/ chemical), increase of vertical dimension of occlusion, and age were
analyzed. In brief, none of these factors had a significant influence on the height
loss of the composite resin restorations after a 5-year follow-up (Table 4).
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Table. 4 Estimated effect of selected patient factors on height loss of incisors
Estimate (mm)
CI 95%
Intercept
-0.068
[-0.294…0.140]
Biting force (102 N)
-0.011
[-0.040…0.012]
Number of Mechanical features
0.007
[-0.049…0.078]
Number of Chemical features
0.003
[-0.033…0.040]
VDO increase (mm)
-0.018
[-0.070…0.036]
Age (year)
-0.003
[-0.007…0.003]

p
0.486
0.299
0.658
0.845
0.533
0.408

When analyzing the effects on wear on molars, bearing cusps and jaw position were
also included. Bearing cusps on the restorations showed significantly more wear
(+0.156 mm) than non-bearing cusps (CI [0.116…0.204], p < 0.001). Interestingly,
the number of chemical features showed an estimated effect in wear behavior
of +0.026mm (CI [-0.030…0.082], p = 0.063), whereas the number of mechanical
features resulted in an estimated effect of +0.010mm (CI [-0.103…0.106],
p = 0.981), The other factors did not have a statistically significant influence on
height loss (Table 5).
Table. 5 Estimated effect of patient factors on height loss in molars
Estimate (mm)
CI 95%
Intercept
-0.507
[-0.784…-0.202]
Bearing cusps vs. non-bearing cusps
0.156
[0.116…0.204]
Jaw position (maxillary)
-0.013
[-0.056…0.028]
2
Biting force (10 N)
-0.012
[-0.043…0.010]
Number of Mechanical features
0.010
[-0.103…0.106]
Number of Chemical features
0.026
[-0.030…0.082]
VDO increase (mm)
0.037
[-0.024…0.118]
Age (year)
-0.002
[-0.007…0.004]

p
0.001
<0.001
0.507
0.212
0.981
0.063
0.191
0.562

4. Discussion
The purpose of this clinical study was to investigate the influence of patient
factors on the wear behavior of direct composite restorations in tooth wear
patients. In this study, 38 moderate and severe tooth wear patients were studied,
and the height loss of the composite restorations over 5 years was measured. The
effect of different patient factors was related to the amount of wear measured at
six index teeth. It was found that bearing cusps showed significantly more wear
than non-bearing cusps over a period of 5 years. Etiological factors (mechanical/
chemical) also showed different influences on wear behavior of direct composite
restorations in molars, tooth wear patients with chemical features in this study
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showed more wear (0.026 mm). However, factors such as age, gender, biting force,
and VDO increase were shown not to affect wear.
In a study by O’Toole et al., it was shown that using index teeth to score wear over
time showed a similar pattern compared to a full-arch analysis [18]. Scoring only
index teeth greatly shortened the time required for the measurement procedure
for each participant and allowed for the inclusion of a large number of participants
in this study. Therefore, in total 710 measurements of maximum height loss were
included, including two maxillary central incisors and four first molars. Considering
the existence of erosive tooth wear in the participants, we selected both maxillary
incisors and molars, which are commonly associated with strong chemical wear
features [25]. The reason to include all four first molars was to be able to relate
our new findings to a recently published clinical study, in which the influence of
jaw position and bearing cusps on wear behavior of different direct composite
restorations was studied [8]. Even though we included a relatively large number of
patients, this number might still be too small to obtain full proof of the influence
of patient factors on wear behavior of direct composite restorations.
3D scans were used to record all teeth after treatment 1 month (baseline) and 5
years (recall), and height loss of direct composite restorations was quantitatively
measured using a validated protocol [8]. Alignment techniques may greatly affect
the accuracy of alignment [26]. Therefore, a ‘modified reference-based alignment’
method was used, which fully uses all possible reference areas, including buccal,
palatal/lingual, and occlusal surfaces as alignment reference to achieve an accurate
alignment. Furthermore, before measuring the amount of wear, specific locations
on teeth showing clear wear facets were then excluded from a second alignment
procedure. This procedure provided reliable and accurate intra- and inter-observer
agreements. The inter-observer performance showed a fairly strong correlation
(0.809). The duplicate measurement error (DME) showed a very small random error
in the two measurements [8]. A significant structural difference was found in the two
measurements ([0.015...0.042], p < 0.001), but the duplicate measurement error
(DME) by two observers was small and this causes the relatively small differences
to be associated with a low p-value. Altogether, we propose that the ‘modified
reference-based alignment’ procedure presented herein, allows to quantitatively
measure the height loss of direct composite restorations.
Our most significant finding was that bearing cusps in first molars showed
significantly more height loss than non-bearing cusps on the direct composite
restorations. Compared to non-bearing cusps, bearing cusps showed 0.156 mm
more height loss over 5 years. A similar trend was found in another study showing
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that the height loss on non-bearing cusps was less on the bearing cusps in the
molars treated with the same direct composite restorations (Clearfil APX) [8].
Moreover, comparable results were found when comparing the effect of jaw
position on the progression of wear [8].
To investigate the effect of different etiological factors, the most commonly
used morphological characteristics were selected from recently published clinical
studies [4, 20, 21]. Since tooth wear is a multifactorial process, it was very challenging
to accurately discriminate the type of tooth wear. Therefore, we selected only 2
or 3 specific morphological characteristics which discriminate between mechanical
and chemical tooth wear. A simplified tooth wear evaluation system prevented the
difficult discussion on etiology diagnosis and provided an objective overview of
etiological scores.
We hypothesized that mechanical challenges would lead to more wear of composite
restorations over time compared to chemical challenges. In the molars, we observed
that the number of chemical features led to an estimated effect size of 0.026 mm
(CI [-0.030…0.082], p = 0.063), where the number of mechanical features had an
estimated effect size of only 0.010 mm (CI [-0.103…0.106], p = 0.981). Therefore,
both mechanical and chemical challenges showed no significant differences in
the wear of composite restorations. While from comparing the p-value (0.063
vs. 0.981), it is more possible that the estimated effect size of chemical features
(0.026 mm) is larger than the estimated effect size of mechanical features (0.010
mm). One possible reason is that due to the physiological difference (location,
function, anatomic form, etc.) between incisors and molars, the sensitivity of the
restorations on mechanical/chemical factors may be different. Additionally, a much
smaller number of height loss measurements in incisors (compared to molars) may
also contribute to the different results in etiology influence.
In this study, no significant influence of VDO increase on the wear behavior of direct
composite restorations was observed. The VDO increase provides more space for
the direct composite restorations to keep biological, functional and aesthetic
constraints [16]. This space can provide more volume for composite restorations and
improve the survival rate of restorations. As the progression of wear is not directly
related to the increase of VDO, application of relatively thicker restorations in the
reconstruction of these patients would be preferred. This is also confirmed in a
recent study showing that thicker composite restorations showed better survival
compared to thinner restorations [16].

38

The influence of patient factors on wear behavior of direct composite restorations in tooth
wear patients: a 5-year clinical study

In this study, the patient factor age did not have a significant influence on wear
behavior of direct composite restoration. The group of patients in this study
(6 females, 32 males corresponding to 84.2% males) had a relatively low mean
age of 35 ± 7.6 years. In another study, similar age and gender distribution were
reported [15], but the number of patients was relatively small, the power was not
sufficient to identify potential effects of age and gender, including gender in the
statistics can decrease the accuracy of the results. Therefore, the factor gender
was not included in the statistical analysis, while based on the huge difference
of male/female patient percentage in this study, it is interesting to investigate
the possible influence of gender in the future work. Additionally, to discover how
different etiology factors affect wear behavior of direct composite restorations in
different types of teeth, a larger number of height loss measurements in incisors
can be needed.

5. Conclusion
This study has investigated the wear behavior of direct composite restorations
placed in moderate to severe tooth wear patients. Direct composite restorations
on bearing cusps developed significantly more wear than similar restorations on
non-bearing cusps. Patient’s factors did not show a significant effect on the wear
behavior of direct composite restorations.
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Wear behavior of a microhybrid composite vs. a nanocomposite in the treatment of severe
tooth wear patients: a 5-year clinical study

1. Introduction
Tooth wear is a condition of increasing prevalence, which can severely reduce the
quality of life [1, 2]. Severe tooth wear is defined as tooth wear with substantial loss
of tooth structure, defined as more than one third of the clinical crown [3]. Severe
tooth wear can lead to tooth sensitivity, aesthetic demands and loss of the vertical
occlusion dimension. Commonly used restorative materials for the treatment
of severe tooth wear patients are direct or indirect composite restorations [4-7],
lithium disilicate glass-ceramics [8] and polymer infiltrated ceramic network
(PICN) [9]. A 3.5-year survival study has shown that direct composite restorations
have a great potential for restoration of functional and esthetical properties [5].
Treatments using direct composite restorations are relatively cheap and contribute
to acceptable levels of oral health-related quality of life with minimally invasive
techniques [10].
Microhybrid composites and nanocomposites are two types of commonly used
all-purpose direct composite resin materials. Microhybrid composites consist of
both microscale and nanoscale (~ 20 nm) glass fillers, while nanocomposites are
made of either individual (5 - 20 nm) or clustered (0.6 – 1.4 μm) nanoscale glass
fillers [11]. Several studies showed that glass filler parameters have effects on
mechanical properties, while increased filler content and decreased filler size
can improve the material strength and wear resistance [12-14]. In line with those
studies, nanocomposites showed better wear resistance compared to microhybrid
composites in vitro [14, 15]. Nevertheless, a microhybrid composite showed a
significant decrease in the surface roughness compared to nanocomposites after
toothbrush abrasion in vitro [16]. However, only few studies have been reported on
wear behavior of nanocomposites and microhybrid composites in vivo, likely due
to the challenges related to quantitative analysis of tooth wear in clinical studies.
Traditionally, tooth wear is evaluated qualitatively using scoring systems [17].
In recent years, there has been an increasing interest in quantitative analysis
based on digital 3D scans since this method is more objective and precise than
scoring systems [18-20]. However, the main challenge faced by researchers is that
the alignment procedures of 3D scans have not yet been standardized, which can
influence the accuracy of quantitative measurements [20, 21].
Failure of conventional large posterior composite restorations is predominantly
attributed to fracture and caries [22]. However, treatment of severe tooth wear
patients requires large cusp-replacing composite restorations. In a prospective
clinical study on the treatment of severe tooth wear patients with direct composite
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restorations, no clinically unacceptable restorations due to wear were observed.
However, formation of significant wear facets on most of the placed composite
restorations was only reported in qualitative manner observed after 3.5 years of
clinical service [5]. Quantitative data on the wear resistance of these restorations
prescribed for high-risk patients with severe tooth wear are still lacking. Therefore,
the objective of this study was to quantitatively evaluate the wear behavior (height
loss) of two different types of direct composite restorations (i.e. a microhybrid
composite and a nanocomposite) prescribed in patients with severe tooth wear.


2. Materials and methods
2.1 Participants
Participants with tooth wear were referred by their general dental practitioners to
the Radboud Tooth Wear Project at the Department of Dentistry of the Radboud
university medical center in Nijmegen (The Netherlands). This study is a sub-study
of a larger clinical trial (ethical approval was obtained, CMO Arnhem-Nijmegen
file No. NL30346.091.10). Participants who agreed to participate in the trial were
asked to sign an informed consent document before entering the study. Inclusion
criteria of the Radboud Tooth Wear Project were: 1) Patient’s age ≥18 years; 2)
Generalized moderate to severe tooth wear with patient demand for treatment
(TWI ≥ 2, Smith and Knight tooth wear index [23]); 3) Full dental arches, a single
diastema due to one missing posterior tooth was allowed; 4) Estimated need for an
increase in vertical dimension of occlusion (VDO) <3mm in the first molar region.
Patients with specific individual risk factors, such as bruxism or patients with
GORD (Gastro-Oesophageal Reflux Disease), were also included. Exclusion criteria
were: 1) Limited mouth opening; 2) (History of) Temporomandibular dysfunction;
3) Advanced periodontitis, deep caries lesions, or multiple large restorations
including teeth with endodontic problems; 4) Local or systemic conditions contraindicating dental treatment.
Additional inclusion criteria were used to create the convenience sample in this
study. Both buccal and palatal veneer restorations had to be prescribed and the
3D intraoral scans directly after treatment and of the recalls at 1 year, 3 years and
5 years needed to be available. Of the 20 patients restored with a nanocomposite
(Filtek Supreme XTE, 3M, Seefeld, Germany) included in the project, 8 patients were
eligible. Of the 37 patients restored with a microhybrid composite (Clearfil AP-X,
Kuraray, Osaka, Japan), 23 were eligible. From this group, 8 patients were randomly
selected using a simple random sampling method. We numbered each patient and
randomly chose 8 numbers from the database to create similar group sizes.
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2.2 Restorative treatment with direct composite restorations
All patients were in need of a full rehabilitation and to obtain enough interdental
space for the restorations, an increased vertical dimension of occlusion (VDO)
was necessary. Minimally invasive additive techniques were applied using direct
composite restorations. Restorations were placed without preparation of teeth,
when possible. Rubberdam or cotton rolls and suction devices were used for
moisture control. Appropriate matrix systems and wedges were used to build up
the teeth. For bonding, a 3-step etch-and-rinse adhesive was applied according to
manufacturer’s instructions, using 37% phosphoric acid (DMG, Hamburg, Germany),
Clearfil SA Primer, and Clearfil Photobond (Kuraray). A microhybrid (Clearfil
AP-X, Kuraray) or a nanocomposite (Filtek Supreme XTE, 3M) was used for the
composite restorations. Restorations were placed according to the DSO-technique
(Direct Shaping by Occlusion, where the patients occlude on soft composite
prior to polymerization) [24] and light cured using a Bluephase 16i unit (Ivoclar
Vivadent, Liechtenstein; maximum output 1.600 mW/cm2). In the group in which a
microhybrid composite (Clearfil AP-X) was used, buccal direct veneer restorations
on anterior teeth were placed using a nano-hybrid composite (IPS Empress Direct,
Ivoclar Vivadent, Schaan, Liechtenstein), due to aesthetic demands. In the group in
which a nanocomposite (Filtek Supreme XTE) was used, the same composite was
used for posterior, anterior and buccal veneer restorations. For optimal bonding in
teeth with pre-existing composite restorations, the adhesive surface of the tooth
was air-abraded using CoJet sand (30 µm, 3M) and a silane coupling agent (Clearfil
Porcelain Activator, Kuraray) was used, additional to the bonding procedure based
on the application of Clearfil SA Primer and Clearfil Photobond (Kuraray).
2.3 Recall
Patients visited the clinic for final adjustments 1 month after finishing the
restorative procedure (considered as a baseline, T0). The restorations were finished
by fine-grit diamonds and rubber points with aluminum oxide polishing paste.
Aluminum oxide discs or abrasive finishing strips were used for interproximal
surface finishing. Recall appointments were scheduled after 1 year (T1), 3 years (T3)
and 5 years (T5). During each recall appointment, the dentition was documented
using clinical examination, photographs and an intraoral 3D scan (LAVA COS
/ True Def, 3M). The scanning procedure was conducted in accordance with
the manufacturer’s instructions. Scans were made with the patient in a sitting
position, Optragate (Ivoclar Vivadent) was used, teeth were rinsed, air-dried and
lightly dusted with titanium dioxide (3M). The scans were digitally stored in the
web-based platform (Casemanager, 3M).
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2.4 Height loss measurements
To quantify the amount of wear over a specific period, the recall scans of T1, T3, and
T5 were compared with the scans of T0. This procedure is presented in more detail
in Fig. 1. Quantitative analysis of changes between sequential intraoral scans was
performed in Geomagic Qualify (3D Systems, Morrisville, North Carolina, USA).
Of each scan all teeth were manually isolated and saved separately (step a). Two
scans of interest (e.g. tooth #17, scans of T0 and T3) were aligned using ‘Best Fit
Alignment’ on the whole tooth surface, with the Deviation Elimination on level 1
(step b). Subsequently, on the combined image, locations showing wear facets
were deselected and a new ‘Best Fit Alignment’ was performed (step c), referred
to as a modified reference-based alignment. The quality of the best fit was checked
by the 3D comparison (with a spectrum) and ‘cross-sections’ (perpendicular to the
surface in buccal-palatal/lingual direction) (step d). ‘3D Compare’ was used to
visualize differences between the scans, where the oldest scan was selected as
‘reference’ and the newest scan as ‘test’. For all subtractions, the same spectrum
was used. The area with the largest amount of wear (darkest blue point) was
selected manually and quantified using ‘Create annotations’ with a deviation
radius of 0.2mm. In case of a void or large wear facet, resulting in a gray area in the
heatmap subtraction image, a cross-section on the location where the largest loss
of material was expected ‘2D Dimensions’ was used on a cross-section to quantify
the areas with the largest amount of wear (step e).
For the anterior teeth, material height loss was measured at the incisal edge and
for maxillary anterior teeth on the palatal area as well; for premolar teeth, the
occlusal surface on both buccal and palatal cusps was measured; for molar teeth,
the occlusal surfaces on mesio-buccal, disto-buccal, mesio-lingual and disto-lingual
cusps were measured. The maximum height loss per location was expressed in
millimeter (mm).
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Figure 1. Quantification procedure of the amount of wear over a specific period between baseline and
recall.

2.5 Intra-observer reliability
Intra-observer reliability was tested by re-measuring recall data after 1 year, 3
years and 5 years post-treatment. Four patients were included in the intra-observer
reliability test, where two patients were treated using microhybrid composite and
the other two patients were treated using the nanocomposite. The number of
measurement was N1 year=268, N3 years=256, N5 years=254, respectively.
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2.6 Data preparation and statistical analysis.
Positive height loss measurements (ranging between 0 and +10 μm) corresponding
to clinically irrelevant height increase in the dataset were set to 0. Per tooth,
multiple measurements were performed (total measurements: 2964). Teeth
presenting fractures at specific recalls and restorations which were repaired or
replaced in the period of observation were excluded from the analysis.
The intra-observer reliability was analyzed with a paired t-test and presented by
Bland-Altman plots and scatter plots. Subsequently, the correlation between both
measurements, the duplicate measurement error (DME), the mean difference
(diff), 95% CI and p values were calculated.
The distribution of wear (height loss) data was inspected using density curves. To be
able to analyze the skewly distributed data, we transformed our measurement data
to a binary dataset based on the comparison of the height loss measurements with
the height loss average (anterior teeth, premolar teeth, and molar teeth) of all recall
data. In case the height loss measurement showed less height loss than the average
height loss per type of tooth, this scenario was defined as ‘small amount of wear’ and
when the height loss was more than the average this scenario was defined as ‘large
amount of wear’, respectively, yielding a binary dataset containing ‘0’ or ‘1’ values.
Considering the clustering of teeth from one patient, multilevel logistic regression
analysis was used for the main analyses to compare odds ratios (OR) of “large
amount of wear” (R version 3.6.2). Generally, OR values < 1 correspond to better
wear resistance, whereas OR values > 1 correspond to reduced wear resistance. To
enhance the understanding of the relation between wear and materials, the jaw
and bearing/non-bearing condition and also interactions (material with jaw, material
with bearing/non-bearing condition) were considered as independent variable.

3. Results 
3.1 Intra-observer reliability
The summary statistics for intra-observer reliability tests are shown in Table 1. The
two repeated measurements from one observer at each recall moment were in
agreement to each other: the correlation results showed good reliability; duplicate
measurement error (DME) was very small and no structural differences were seen
(p > 0.136). In addition, the results of intra-observer test are also depicted by
Bland-Altman plots and scatter plots (Fig. 2).

50

Wear behavior of a microhybrid composite vs. a nanocomposite in the treatment of severe
tooth wear patients: a 5-year clinical study

Table 1. intra-observation reliability test
Comparison
correlation DME
1 year
0.613
0.064
3 years
0.861
0.07
5 years
0.794
0.101

diff
-0.003
-0.004
-0.014

95% CI
[-0.014...0.008]
[-0.017...0.008]
[-0.032...0.004]

p
0.583
0.511
0.136

3


Figure 2. Bland-Altman plots (left) and scatter plots (right) presenting the intra-observer reliability of
the wear measurements of the recall at year 1 (up), year 3 (middle), and year 5 (low).
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3.2 Overview of height loss data
To display the height loss distributed of restorations in anterior teeth, premolar
teeth, and molar teeth after 1, 3 and 5 years, density curves are presented (Fig 3).
Under each density curve, the total area is equal to 100%. In general, these density
curves all display a right-skewed distribution. A similar trend could be found in
different types of teeth. The majority of anterior teeth, premolar teeth and molar
teeth showed height loss below 0.25 mm while height loss exceeding 0.5 mm was
minimal at 1 year recall. With increasing recall time, after 3 years and 5 years, more
height loss was observed (peaks shifting to the right), corresponding to increased
wear. In addition, there are also some height loss differences in different types of
teeth. At all recall moments, the curve peak position and the wideness of the curve
confirmed that height loss proceeded in the order height loss molar > height loss
> height loss anterior. The quantitative data of actual height loss in the different
premolar
scenarios were also shown in Table 2.

Figure 3. Density curves of the height loss in anterior teeth, premolar teeth, and molar teeth after
1year (red), 3 years (green), and 5 years (blue).
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Table 2. Quantitative data of actual height loss in the different scenarios
(mm)
Clearfil APX
Year 1
Year 3
Year 5
average SD
average SD
average SD
Anterior maxillary
-0.068
0.064 -0.128
0.121 -0.185
0.156
mandibular
-0.080
0.084 -0.166
0.184 -0.253
0.265
Premolar maxillary
-0.139
0.092 -0.229
0.129 -0.335
0.164
mandibular
-0.112
0.077 -0.189
0.139 -0.319
0.247
bearing cusps
-0.167
0.081 -0.274
0.132 -0.410
0.205
non-bearing cusps -0.124
0.107 -0.180
0.147 -0.263
0.195
Molar
maxillary
-0.138
0.100 -0.241
0.130 -0.358
0.167
mandibular
-0.143
0.099 -0.241
0.161 -0.360
0.215
bearing cusps
-0.212
0.116 -0.321
0.155 -0.464
0.185
non-bearing cusps -0.119
0.089 -0.209
0.135 -0.289
0.167
Filtek Supreme XTE
Year 1
Year 3
Year 5
average SD
average SD
average SD
-0.115
0.153 -0.218
0.234 -0.308
0.354
-0.090
0.106 -0.176
0.267 -0.279
0.408
-0.126
0.086 -0.228
0.171 -0.327
0.242
-0.109
0.095 -0.217
0.262 -0.344
0.334
-0.132
0.105 -0.269
0.265 -0.393
0.308
-0.113
0.085 -0.177
0.146 -0.285
0.269
-0.159
0.129 -0.261
0.201 -0.386
0.297
-0.130
0.105 -0.246
0.188 -0.409
0.352
-0.176
0.147 -0.312
0.222 -0.490
0.348
-0.129
0.105 -0.198
0.139 -0.318
0.281
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3.3 Analysis of height loss in different types of teeth
Table 3 shows the results of the multilevel logistic regression in anterior teeth. We
found an interaction between material and jaw (p<0.001). That implies that effect
of material on the amount of wear differs per jaw. Similarly, the effect of jaw on
the amount of wear differs per material. This complicates the interpretation of the
regression table, in the end, ORs of specific effects from individual or combination
factors are shown in Table 3. In the mandibular anterior, Filtek Supreme XTE
decreased the odds of a large amount of wear by 0.28 times (OR = 0.28, Cl
[0.066…1.13]), while in the maxillary anterior, Supreme XTE increased the odds of
a large amount of wear more than triple (OR = 0.28 × 10.8 = 3.02, Cl [0.75…12.24]).
To give a full example of how to combine the results, Table 4 shows all ORs of all
combinations between the material and the jaw position.
Table 3. Multilevel logistic regression analysis on the effect of the material and jaw
position on the Odds ratio (OR) of having a ‘large amount of wear’ in anterior teeth
(N=823)
Anterior teeth
OR
p
95% Confidence
interval
intercept
1.79
0.251
[0.66…4.92]
Filtek Supreme XTE vs. Clearfil APX, in mandibular 0.28
0.074
[0.066…1.13]
maxillary vs. mandibular, with Clearfil APX
0.079 <0.001 [0.043…0.14]
interaction: additional effect Filtek Supreme XTE
10.8
<0.001 [5.13…23.23]
in maxillary

Table 4. Odds ratios (ORs) of all combination between material and jaw in anterior teeth
OR
Filtek Supreme XTE
Clearfil APX
maxillary
0.28 × 0.079 × 10.8 = 0.24
0.079
mandibular
0.28
1 (reference)

For premolar teeth, the chance of “a large amount of wear” also depends on two
interacted factors the material and the bearing condition (p = 0.001) (Table 5). For
the bearing cusps, Filtek Supreme XTE decreased the odds of a large amount of
wear (OR = 0.42, CI [0.13...1.41]); for the non-bearing cusps, Filtek Supreme XTE
increased the odds of a large amount of wear more than one time (OR = 0.42 × 3.19
= 1.34, CI [0.40…4.67]), which means that in bearing cusps, Filtek Supreme XTE
showed better wear resistance, while in non-bearing cusps, Clearfil APX performed
better. Moreover, restorations on the maxillary teeth have a significantly higher
chance to develop a large amount of wear (OR = 1.71, p = 0.002).
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Table
5. Multilevel logistic regression analysis on the effect of material, jaw position and

bearing condition on the Odds ratio (OR) of having a ‘large amount of wear’ in premolar
teeth (N=747)
95% Confidence
Premolar teeth
OR
p
interval
intercept
0.99
0.990
[0.42...2.37]
Filtek Supreme XTE vs. Clearfil APX, on bearing
0.42
0.139
[0.13...1.41]
maxillary vs. mandibular
1.71
0.002
[1.21...2.43]
non-bearing vs bearing, with Clearfil APX
0.18
<0.001 [0.11...0.30]
interaction: additional effect Filtek Supreme XTE on
non-bearing
3.19
0.001
[1.57...6.54]

Molar teeth showed a similar trend as premolar teeth, where maxillary restorations
have a higher chance to develop large amounts of wear (OR = 1.28, p = 0.048)
(Table 6). We found a strong interaction between material and bearing condition
(p<0.001). Comparable to the premolar teeth, on the bearing cusps restorations
restored with Filtek Supreme showed better wear resistance (OR = 0.50, CI
[0.18...1.38]), whereas on the non-bearing cusps restorations made of Clearfil APX
wore less severely (OR = 0.50 × 2.73 = 1.37, CI [0.50…3.83]).
Table 6. Multilevel logistic regression analysis on the effect of material, jaw position and
bearing condition on the Odds ratio (OR) of having a ‘large amount of wear’ in molar teeth
(N=1376)
95% Confidence
Molar teeth
OR
p
interval
intercept
1.53
0.225
[0.74...3.15]
Filtek Supreme XTE vs. Clearfil APX, on bearing
0.50
0.152
[0.18...1.38]
maxillary vs. mandibular
1.28
0.048
[1.00...1.64]
non-bearing vs bearing, with Clearfil APX
0.14
<0.001 [0.10...0.20]
interaction: additional effect Filtek Supreme XTE on
non-bearing
2.73
<0.001 [1.66... 4.51]

4. Discussion
The present study reports the outcome of a five-year follow-up study of wear
(height loss) measurements in patients presenting severe tooth wear. These
patients were treated with two types of direct composite restorations. In this clinical
study, wear measurements of 16 patients, and a total of 2964 measurements were
included. The outcome was expressed as height loss of the restorations. To our
knowledge, this is the first time that 1) in vivo wear behavior (in terms of height
loss) of a unique and challenging high-risk group of severe tooth wear patients
is studied quantitatively, and 2) in vivo wear behavior (height loss) of two types
of composite restorations (i.e. a microhybrid composite vs. a nanocomposite) is
directly compared.
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In this study, an intraoral scanner was used to make digital 3D scans. By comparing
the scans at different recall moments in time, it was possible to quantify the
amount of wear. However, this procedure is complex and depends on many
variables. O’Toole et al. have investigated the accuracy of commonly used
alignment techniques and found ‘reference alignment’ produced low alignment
errors [21]. Nevertheless, our hypothesis is that in case of severe (occlusal) tooth
or restoration wear, only using the buccal and palatal/lingual side of the tooth as
the ‘reference’ would make the best fit unreliable. Therefore, we decided to use
a ‘modified reference alignment’ procedure, in which a third dimension (occlusal
surface) was used to obtain the best fit between the two scans. The areas on the
occlusal surface with significant amount of wear were deselected from alignment
to optimize the fit.
Due to the complexity of the measurement technique, it is highly challenging
to provide an answer on the accuracy and precision of this 3D measurement
technique. Our procedure resulted in some positive values (0.7 %) in the dataset,
ranging between 0 and +10 microns, which are neglectable measurement errors.
Most importantly, the intra-observer reliability of the measurement can give an
indication of the precision. The correlation results showed moderate to good
reliability (correlations of 0.61 - 0.86). The duplicate measurement error (DME)
and the standard deviation for the difference showed a very small random error
in the two measurements, and no structural differences were found. Altogether,
we propose that the modified reference alignment procedure presented herein
allows to quantify the height loss of wear facets.
We showed the results for separate types of teeth and composites. In addition, we
investigated the effects of jaw position and bearing condition on wear behavior. By
combining all results of different types of teeth, it can be concluded that Clearfil
APX exhibits reduced wear in non-bearing cusps and anterior maxillary teeth. This
result can be understood from the fact that the loading in the anterior area is highly
comparable to the non-bearing cusps in the premolar and molar areas. In contrast,
Clearfil APX showed inferior wear performance in the anterior mandibular teeth,
whereas it was expected that Clearfil APX was superior as in the anterior maxillary.
However, this phenomenon can be explained by the usage of IPS Empress (in the
anterior mandibular teeth of Clearfil APX group), which is a nano-hybrid composite
and has better aesthetic ability than Clearfil APX. In this case, the comparison of
wear performance between Clearfil APX and Filtek Supreme XTE was not always
possible due to the study design. Based on our observations, we speculate that
microhybrid Clearfil APX restorations showed more wear resistance in non-bearing
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cusps and anterior area, whereas nanocomposite Filtek Supreme XTE restorations
showed more wear resistance in bearing cusps.
A possible explanation for this phenomenon might be related to the complex
interplay between filler size and surface roughness of the composites on
the one hand, and loading conditions on the other hand. On bearing cusps,
nanocomposites showed significantly increased wear resistance as compared
to microhybrid composites. This observation is in line with previous in vitro
studies, which suggested that nanocomposites exhibit superior wear resistance
when compared to microhybrid composites [14, 15]. This phenomenon might be
related to the reduced filler size and surface roughness of nanocomposites, since
rough materials typically display poor wear performance [25-27]. On the bearing
cusps, high mechanical forces (attrition) may be strong enough to de-bond large
filler particles from the matrix of microhybrid composites, resulting in a rougher
surface compared to nanocomposites containing smaller(nanoscale) fillers [16].
Consequently, these microhybrid composites are less wear-resistant under the
challenging clinical conditions associated with this high-risk group of patients
suffering from severe tooth wear.
In the non-bearing cusps or anterior area, the abrasion force is typically low.
For microhybrid composites, only small fillers are removed from the surface
layer due to limited bonding to the matrix, but larger filler particles will remain
embedded in the matrix. This effect results in superior wear resistance compared
to nanocomposites, since composites comprising larger filler particles with a
stronger bonding to the matrix reduce wear induced by mild bearing condition
(e.g. caused by toothbrushes) due to their smoother surface [16].
In this clinical study, we studied severe tooth wear for two types of (direct) composite
materials. We can conclude that the type of teeth and bearing condition also affect
the final wear behavior. However, tooth wear is a multifactorial process, which may
lead to various grades of wear of dental hard tissues [28]. After treatment of direct
composite restorations, there are still many clinical factors from patients which
can affect the wear behavior, such as lifestyle factors, parafunctional habits, and
bruxism. Therefore, it is hypothesized that these patient-related factors strongly
influence the severity or risk-level on tooth wear as well [29], which will be studied
in our future work.
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5. Conclusion
This study has shown that in a period of 5 years, significant wear was observed
in severe tooth wear patients treated with direct composite restorations.
Restorations containing nanoscale glass fillers induced less wear when positioned
in bearing cusps, whereas composite restorations reinforced with microscale glass
fillers showed less wear on the non-bearing cusps and anterior maxillary area.
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1. Introduction
Resin-based dental composites are increasingly popular in clinical practice due
to their esthetics and improved physical properties [1]. However, microcracks can
be formed in such composites due to repeated mechanical loading in the oral
environment [2]. The evolution of these microcracks can eventually lead to material
fracture, which is one of the main causes for premature failure of resin-based
composite restorations [3-5]. To improve the long-term mechanical performance
of dental composites, self-healing resin-based composites have been developed
by Xu et al. [5], which are inspired by the initial concept for extrinsic self-healing
proposed by White et al [6]. These smart dental materials exhibit a unique capacity
for self-healing by filling microcracks with polymerizable healing liquids before
further crack propagation [7]. Since then, several studies have been published on
self-healing resin-based composites [5, 8-12], which have been recently reviewed by
Althaqafi et al [13].
Extrinsic self-healing dental composites typically rely on microfracture-induced
interaction between microcapsules containing a polymerizable healing liquid
(consisting of acrylic monomers of the resin matrix) and initiators in the matrix
which trigger the polymerization of this acrylic healing liquid. The self-healing
process itself can be divided into several stages [6]. After initial formation of
microcracks, these cracks will grow until neighboring microcapsules rupture and
release their healing liquid into the growing cracks. The extent of microcapsule
rupturing depends on the relationship between the mechanical strength of the
microcapsules and the forces generated within the composite. Subsequently,
the polymerizable healing liquid can flow into the fracture plane or microcracks
through capillary action. Polymerization of the healing liquid will be initiated by
contact between the monomers of the acrylic healing liquid and initiator molecules
embedded in the matrix. Complete polymerization of the healing liquid will stop
further crack propagation.
Several studies have been reported on the influence of microcapsule properties on
the extrinsic self-healing capacity of fully polymeric matrices such as poly(methyl
methacrylate) (PMMA) [14, 15]. However, the influence of relevant microcapsule
parameters such as microcapsule size on the self-healing capacity of glass fillerreinforced dental composites is still poorly understood. Moreover, the concept of
extrinsic self-healing (containing monomer healing liquid) has only been confirmed
in experimental systems but not yet successfully implemented in commercially
available dental resin-based composite formulations.
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Therefore, this study aimed to systematically investigate the effect of
microcapsule size on the extrinsic self-healing capacity of commercially available
flowable resin-based composites. Additionally, the influence of initiator
concentration and microcapsule concentration on the self-healing capacity of
these composite formulations was tested as well. We hypothesized that 1) the
self-healing capacity of the resin-based composites would increase with increasing
initiator concentration, microcapsule size and microcapsule concentration, and 2)
commercially available resin-based composites could be rendered self-healing by
incorporation of microcapsules.

2. Materials and Methods
2.1 Preparation of microcapsules
Poly(urea-formaldehyde) (PUF) microcapsules containing an acrylic healing
liquid were synthesized using an oil-in-water method [5, 8, 9, 12]. Urea (Sigma, UK)
and formaldehyde solution (37 wt%, Sigma, Switzerland) were used to form
the microcapsule shell. The healing liquid was composed of triethylene glycol
dimethacrylate (TEGDMA, Sigma-Aldrich, Switzerland) and N, N-Dimethyl-ptoluidine (DEPT, Merck KGaA, India) (“oil phase”). 2.5 g ethylene-maleic anhydride
(EMA, Sigma, UK) was fully dissolved into Milli-Q water (97.5 g) to prepare the
aqueous solution. The “water phase” was prepared by adding 26 mL EMA solution
to 100 ml Milli-Q water at room temperature. Subsequently, a lab mixer (IKA
Works (Asia), RW20 DZM. N, Sdn. Bhd. Malaysia) with a three-bladed propeller
(radius: 20 mm) was used to stir the solution at 300 rpm [16]. Subsequently, 2.5 g
urea, 0.25 g ammonium chloride (Merck KGaA, Germany) and 0.25 g resorcinol
(Sigma-Aldrich, India) were added to this aqueous solution. Ammonium chloride
and resorcinol were added with the aim to improve the strength and toughness
of the microcapsules [17-19]. In order to achieve microcapsules of large, medium
and small size, the stirring speed was varied from 400 rpm (large size) to 800 rpm
(medium size) and 1200 rpm (small size), respectively [20]. Lower stirring speeds
resulted in excessively large microcapsules, stable emulsion droplets could not
be formed at higher stirring speeds. The pH was adjusted to 3.5 by addition of
1M sodium hydroxide solution to the solution. Subsequently, 40 mL self-healing
liquid (mixture of TEGDMA 99 wt% and DEPT 1 wt%) was added dropwise to the
solution using a single syringe infusion pump (KDS, Infusion), after which 6.3 g
formaldehyde solution was added to this emulsion in order to initiate the formation
of the microcapsule shells. Thereafter, the emulsion was placed in a water-bath at
55°C for 4 h. After polymerization of the microcapsule shells, the emulsion was
cooled down and the microcapsules were filtered using a vacuum filter. Finally, the
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microcapsules were washed with water and acetone and were air-dried at room
temperature for 24 h.
2.2 Characterization of microcapsules
Scanning electronic microscopy (SEM, Zeiss, Gemini) was used to characterize the
morphology of the microcapsules. Based on the SEM images, the microcapsule
size and shell thickness were measured (Imaging software Fiji, Image J 1.47v).
Microcapsule size was measured by counting 150-200 microcapsules, while
measurement of shell thickness was based on counting 10 shell images.
Fourier-transform infrared spectroscopy (FTIR, PerkinElmer, Spectrum Two)
was applied to confirm successful encapsulation of the healing liquid in the
microcapsules. The amount of encapsulated healing liquid was tested by
thermogravimetric analysis (TGA, Mettler Toledo, TAG/DSC2) [20-22] and an acetone
washing-based method [8]. For the TGA test, microcapsule samples were heated
from 20°C to 500°C with a heating rate of 10°C min-1. For the acetone washing
method, a known amount of microcapsules was squashed and washed using
acetone to remove the self-healing liquid. The remaining microcapsule shells were
weighted to calculate the amount of healing liquid in the samples.
2.3 Preparation of self-healing composites
To prepare the microcapsule-enriched self-healing resin-based composites, we
manually mixed the microcapsules, initiator (benzoyl peroxide, BPO, ACROS, New
Jersey, USA) and the commercially available flowable composite (Clearfil Majesty TM
ES Flow, Kuraray, Japan) and applied the mixture into rectangular molds
(polydimethylsiloxane, PDMS) in size 12.5 × 5 × 2.5 mm. Various groups with different
concentrations of initiator (0.5 wt%, 1.0 wt%, 2.0 wt%), microcapsules (5 wt%, 10
wt% and 15 wt%) and microcapsule size (small, medium and large) were prepared
(see Table 1 for composition of various experimental groups). Composites were
cured for 20 seconds (both sides) with a LED polymerization unit (Bluephase 16i,
Ivoclar Vivadent, output >1300 mW/cm2). SEM analysis was performed on the healed
fracture surfaces, which were fractured by a universal testing machine (AMETEK,
LLOYD, LS5) and tightly put back together with rubber bands (Ormco Corporation,
Mexico) for 72 h for healing at room temperature (~21 ºC).
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Table 1. Composition of various experimental groups
Test
Group Initiator
concentration
(wt%)
control 0
Effect of initiator
1
0.5
concentration on self-healing 2
1.0
performance
3
2.0
control 0
Effect of microcapsule size
1
2.0
and concentration on self2
2.0
healing performance
3
2.0
4
2.0
5
2.0
6
2.0
7
2.0
8
2.0
9
2.0

Microcapsule Microcapsule
size
concentration
(wt%)
0
Large
10
Large
10
Large
10
0
Large
5
Medium
5
Small
5
Large
10
Medium
10
Small
10
Large
15
Medium
15
Small
15

2.4 Fracture toughness and self-healing efficiency
Fracture toughness was tested by the single-edge V-notched method. In each
sample, a notch with a depth of 1/3 thickness and width 0.7 mm, was prepared at
the center of one side with a customized cutting machine. Then, a pre-crack was
produced by sliding a sharp razor blade (10 times) in the bottom of the notch.
All samples (n=8 per experimental group) were stored at room temperature in
deionized water for 24 h before testing and were subjected to three-point bending
tests using a universal testing machine (AMETEK, LLOYD, LS5). Fracture toughness
KIC was calculated with the formulas below [23, 24]. 

where

where
To test the self-healing efficiency (η), fracture toughness tests were performed
twice. First, the fracture toughness (KIC-initial) was tested on pristine samples. Then,
the two halves of the sample were put back together and fixated with rubber
bands (Ormco Corporation, Mexico) for 72 h to allow for healing. After this healing
period, fracture toughness (KIC-healed) was tested for a second time. Self-healing
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efficiency (η) was defined as the ratio between the fracture toughness values of
healed vs. initial samples [5, 8-10, 12]:
)*100%
During the second fracture toughness test, several samples did not reveal any selfhealing effect. The self-healing success ratio was defined as the number ratio of
successfully healed samples relative to the total number of tested samples:
Success ratio =

4

*100%

2.5 Statistical analysis
Linear regression analysis was performed to test the effect of microcapsule size
and concentration on self-healing performance. The mathematical equation is
below:

where x is the explanatory variable (microcapsule concentration and size). Y is
the outcome fracture toughness after healing (KIC-healed) and b is the slope of the
estimated line. Linear regression analysis and a t–test were combined in the initial
fracture toughness (KIC-initial) analysis. Chi-square test was applied for the tests on
the self-healing success ratio, and one-way ANOVA was performed to analyze the
effect of initiator concentration on self-healing performance. All the statistical
analyses were performed using SPSS Statistics software (version 25) where
statistical significance was set at p-values smaller than 0.05.
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3. Results
3.1 Characterization of microcapsules
Representative SEM images (Fig. 1) show the microcapsule morphology and
microcapsule shell. The intact microcapsules exhibited a regular spherical
morphology and the surfaces were smooth. The diameters of the large, medium
and small microcapsules were 198 ± 43 μm, 68 ± 21 μm, and 33 ± 8 μm, respectively.
The differences in shell thickness between large (181 ± 48 nm), medium
(187 ± 27 nm) and small microcapsules (198 ± 31 nm) were not statistically different.

Fig. 1. Representative SEM images of large (A), medium (B) and small (C) microcapsules and microcapsule
shell (D)

From the Fourier-transform infrared spectroscopy (FTIR) characteristic absorption
peaks of the self-healing liquid and shell were observed (Fig. 2). These peaks
were also detected in the spectra microcapsules. In other words, the spectra of
microcapsule showed the presence of both self-healing liquid and shell material.
In the FTIR-profile of self-healing liquid, the vibration absorption band at 1523 cm-1
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was assigned to =C-H in TEGDMA; the band at 1523 cm-1 was attributed to vibration
of benzene rings in DEPT, and the peak at 1011 cm-1 was caused by bending of the
olefin C=O vibration (TEGDMA). In the profile of the shell, characteristic absorption
peaks at 3325 cm-1 and 1546 cm-1 were assigned to the amide N-H group [11].
These results confirmed the successful encapsulation of the healing liquid in PUF
microcapsules.

4

Fig. 2. Fourier-transform infrared spectroscopy (FTIR) of self-healing liquid, shell and microcapsule.

The thermogravimetric analysis of the microcapsules revealed a similar trend
for the three different microcapsules sizes (Fig. 3). They remained stable until
approximately 114 -128 °C, after which the microcapsules lost weight, mainly caused
by the evaporation of residual water and unreacted formaldehyde in the shell. At
temperatures above 150 °C, the large microcapsules lost weight at a constant
rate, while the rate of weight loss of medium and small microcapsules accelerated
at temperatures above 240 °C, which indicates that the small and medium
microcapsules were thermally more stable than the large capsules. Between 20071
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300 °C, the weight loss was attributed to the removal of formaldehyde and selfhealing liquid due to urea-formaldehyde decomposition and gradually increasing
diffusion of the core (healing liquid) through the decomposing shell [16, 25].
Secondly, TEGDMA, as the main component of healing liquid, has a boiling point of
240 °C, which corresponds with the accelerated weight loss at temperatures above
240 °C caused by removal of healing liquid [26, 27]. At temperature above 320 °C,
microcapsule shell remnants (~20 wt%) were left which showed higher thermal
stability due to the cross-linked polymer structure [25]. Based on TGA spectra,
it was concluded that the encapsulation efficiency (80%) was comparable for all
three types. This encapsulation efficiency was confirmed using determination by
the acetone washing method, which showed statistically similar encapsulation
efficiencies of 88 ± 4%, 89 ± 2%, and 87 ± 2% for large, medium and small
microcapsules.

Fig. 3. Thermogravimetric analysis (TGA) of PUF microcapsules of different size

3.2 Characterization of resin-based composites containing microcapsules
From the SEM images (Fig. 4 A), it can be observed that the microcapsule-free
resin-based composite (control) showed a smooth fracture surface. In all groups
containing microcapsules, both intact microcapsules as well as pores containing
rough and irregular microcapsule remnants were observed. Self-healing liquid
was spread over the resin matrix surface between these pores, as indicated by the
72

Influence of microcapsule parameters and initiator concentration on the self-healing
capacity of resin-based dental composites

darker color as compared to the light color of the matrix. At higher magnification
(Fig. 4 B), it was observed that intact microcapsules (green) were well connected
to the resin matrix, thereby allowing for spreading and polymerization of healing
liquid (dark purple) over the resin matrix (purple).

4

Fig. 4. A. SEM images of the microcapsule-free resin-based composite (control) and resin-based
composites containing 5 wt%, 10 wt%, 15 wt% of microcapsules with different microcapsule size.
Polymerization of self-healing liquid was marked by red arrows; B. SEM images at higher magnification
of resin-based composites containing large, medium and small microcapsules. Green areas represent
the microcapsules, purple areas correspond to the resin matrix, and dark purple shows the polymerized
self-healing liquid. Colors were added to guide the eye.

3.3 Self-healing efficiency test
The fracture toughness (KIC) tests (Fig 5. A) revealed that KIC-healed increased
significantly with increasing amount of initiator (p<0.001), resulting in a maximum
self-healing efficiency of 53.6 ± 19.0% at the highest initiator concentration of 2.0
wt%. At this initiator concentration, the initial fracture toughness was statistically
similar to groups with lower initiator concentrations, suggesting that this higher
amount of initiator did not compromise the fracture toughness of the pristine
samples. Therefore, this initiator concentration was selected for further studies
on the self-healing efficiency of composites as a function of microcapsule size and
concentration.
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Fig. 5. A. Fracture toughness (KIC) of resin-based composite (control) and composites containing 10
wt% large microcapsules with various initiator concentrations (BPO 0.5 wt%, 1.0 wt% and 2.0 wt%); B.
Self-healing efficiency of resin-based composites containing 10 wt% large microcapsules as a function
of initiator concentration (*: p<0.05).

Figure 6. A – C. shows fracture toughness (KIC) test of resin-based composite
(control) and resin-based composites containing microcapsules. Regarding the
initial fracture toughness (KIC-initial), no significant difference was found between
the control group and other groups containing microcapsules (all p-values
≥ 0.553). Table 2 shows the corresponding the linear regression analysis of fracture
toughness after healing (KIC-healed). It was concluded that a higher concentration
and larger size of the microcapsules had a positive effect on KIC-healed (p<0.05). By
increasing the concentration of microcapsules from 5 to 15 wt%, KIC-healed increased
to values of up to 76.4 ± 15.6% for composites containing large microcapsules.
Regarding the success rate of the different composites, no significant differences
were found between resin-based composites containing microcapsules of different
sizes.
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Fig. 6. A – C. Fracture toughness (KIC) test of resin-based composite (control) and resin-based composites
containing different concentrations of microcapsules (0 wt%, 5 wt% and 15 wt%) of different sizes
(large, small and medium); D. Self-healing efficiency of composites containing different sizes and
concentrations of microcapsules; E. Self-healing success rate of composites containing different sizes
and concentrations of microcapsules; F. Digital photos of a fractured composite and a healed composite.

Table 2. Linear regression analysis of the effects of microcapsule size and microcapsule
concentration on KIC-healed
Comparison
intercept
microcapsule concentration: 10% vs. 5%
microcapsule concentration: 15% vs. 5%
Microcapsule size: medium vs. large
Microcapsule size: small vs. large

Effect
0.239
0.148
0.165
-0.165
-0.218

95% Confidence interval
[0.158…0.321]
[0.058…0.237]
[0.076…0.255]
[-0.225…-0.076]
[-0.307…-0.128]

p
<0.001
0.002
<0.001
<0.001
<0.001

4. Discussion
This study aimed to determine how the self-healing performance of commercially
available flowable resin-based composites depends on relevant parameters such
as microcapsule size and content as well as initiator concentration.
To the best of our knowledge, our study reports for the first time on systematic
variation of the effect of microcapsule size (between 30-240 µm) on extrinsic selfhealing of dental resin-based composites [5, 8, 9, 12, 13]. The SEM images confirmed
that the size of microcapsules could be varied between 30-240 µm by changing
the stirring speed from 400 to 1200 rpm. These results are in contrast to previous
findings which indicated that an optimal stirring speed was selected to avoid
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uneven size distributions and unstable microcapsules [13,14]. By fixing the shell
thickness (180-200 nm), it was possible to obtain similar encapsulation efficiencies
(around 80%) for the various microcapsule sizes [28, 29]. As a consequence, the total
amount of self-healing liquid was equal for composites with similar microcapsule
concentrations, which enables direct evaluation of the effect of microcapsule
size and concentration on extrinsic self-healing of microcapsule-enriched dental
composites.
To enable extrinsic self-healing, the microcapsules should be sufficiently strong
to withstand the forces during mixing of the composite components. At the same
time, these microcapsules should rupture and release the encapsulated healing
liquid upon microcracking. Since direct assessment of the mechanical properties
of microcapsules is technically very demanding, the thermal stability of the
microcapsules was tested using TGA. These TGA characterizations TGA results
revealed that small and medium microcapsules were thermally more stable than
large microcapsules, most likely due to the stronger shell structure as observed
also in previous studies [14]. Our findings can be explained by Taber’s capsule
model [30] for the mechanical stability of microcapsules with thin shells:
Kstiff
Pfluid
where Kstiff is shell stiffness, R is the radius of the microcapsule, h is the shell
thickness and Pfluid is fluid pressure. This correlation indicates that the shell stiffness
Kstiff increases with the ratio of shell thickness (h) to capsule radius (R). Since the
shell thickness was similar for all groups, larger microcapsules were intrinsically
less stiff than smaller microcapsules. Furthermore, fluid pressures (Pfluid) were
substantially higher in large vs. small microcapsules.
Our TGA results also indicate that all microcapsules were stable below 150 °C,
which is much lower than the temperature during the composite photocuring
process [31], which implies that the microcapsules will survive the moderate heating
observed during photopolymerization.
From the linear regression analysis, the fracture toughness after healing
(KIC-healed) increased evidently with increasing microcapsule size and concentration.
Medium and small microcapsules showed a comparable self-healing performance,
which was however inferior to the self-healing capacity of composites containing
larger microcapsules. These findings are in line with previous studies where self76
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healing of polymeric (PMMA) samples was shown to be higher for large vs. small
microcapsules [14, 15, 28].
The initial fracture toughness (KIC-initial) of our experimental groups did not depend
on the incorporation of microcapsules, which is consistent with several studies by
Xu et al [8, 9, 12] that also observed that fracture toughness of resin-based composites
did not depend on the incorporation of microcapsules. However, other studies
showed that KIC-initial could be increased by the addition of the microcapsules in the
dental resin or matrix without glass filler [8, 15]. However, in our study, the flowable
composite contained a considerable amount (~ 60 wt%) of glass filler particles [32].

Fig. 7. Schematic of the different stages of self-healing of resin-based composites containing large vs.
small microcapsules. The total amount of self-healing liquid was similar for each composite.

Figure 7 illustrates the different stages of self-healing in a schematic manner,
where the area of healing-induced polymerization (blue) was larger for composites
containing large microcapsules, thereby contributing to their superior self-healing
performance. This phenomenon can be explained by several factors. First, larger
microcapsules were ruptured more easily than smaller microcapsules based on
their lower stability and shell stiffness and higher fluid pressure. Therefore, the
force required to break larger microcapsules matched the forces generated by
microcracks in the resin matrix more closely. Second, the fluid pressure was higher
in large vs. small microcapsules, which contributed to enhanced microcapsule
rupture and fluid diffusion speed [33], thereby expanding the polymerization
area. Last but not least, larger microcapsules were retained more tightly to
the surrounding matrix due to their higher surface area, whereas mechanical
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interlocking of smaller microcapsules was less efficiently due to their lower
surface area [14]. Therefore, the connection of microcapsules to the matrix should
be improved for composites containing smaller microcapsules, e.g. by silanization
of the surface of microcapsules to improve their self-healing performance.
The initiator is a crucial component of extrinsic self-healing systems by triggering
the rupture-induced polymerization. From our study, it can be concluded that a
minimal initiator concentration (BPO) is required to achieve extrinsic self-healing.
In a previous study 0.5 wt% BPO was selected as initiator concentration [11].
However, our study shows that initiator concentrations below 2 wt% initiator
were sub-optimal to achieve clinically relevant extent of self-healing. Therefore,
it can be concluded that optimal initiator concentrations are different for
different composite systems, e.g. due to different if chemical composition of the
matrix [5, 8, 9, 15]. There was no statistical difference in the initial fracture toughness
(KIC-initial) between the control group and the groups with initiator (up to 2 wt%),
which is in accordance with a previous study [15]. This observation indicates that
2 wt% is an initiator concentration which does not compromise the mechanical
properties of the resulting composite. Initiator concentrations above 2 wt%
were not tested in our study since initiator concentrations higher than 3% can
compromise the mechanical properties and polymerization properties of pristine
composites [15]. Excessively short polymerization times would hamper self-healing
of the resulting composites by inhibiting full penetration of microcracks [15].
In our study, the concept of extrinsic self-healing was successfully implemented
in a commercially available flowable composite system. Herein, a flowable
resin-based composite was selected since its low viscosity allowed for facile
incorporation of microcapsules into the composite matrix. Future studies should
focus on incorporation of microcapsules in commercially available composites of
higher viscosity to bridge the gap between experimental laboratory studies and
clinical translation.
Moreover, self-healing efficiencies should not only be tested monotonously
using static tests, but also by means of dynamic test to provide additional insight
into the long-term fatigue properties of microcapsule-enriched resin-based
dental composites. To allow for future upscaling, manual lab-scale mixing of
microcapsules and the resin composite should be replaced by automated mixing
using an upscaled mixing device. In addition, the large microcapsules (198 ± 43 um)
are generally too large for dental resin-based composites, since such microcapsules
will negatively affect their long-term performance. Optimization of microcapsule
size to ensure long-term performance (e.g. by tunable variation of microcapsule
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shell composition, shell thickness and microcapsule size) is still required to produce
self-healing dental composites with sufficient long-term performance levels from
commercially available formulations.

5. Conclusion
Commercially available resin-based composites can be rendered self-healing
most efficiently by incorporation of larger microcapsules (198 ± 43 μm). The selfhealing capacity of commercially available flowable composites enriched with
microcapsules containing healing liquid increases with increasing microcapsule
size and concentration as well as initiator concentration. The composite has a
positive influence on self-healing performance.
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1. Introduction
Based on principles of minimally invasive dentistry, direct resin-based dental
composites are routinely applied in restorative dentistry worldwide [1]. Nevertheless,
the oral environment is complex and highly challenging, characterized by cyclic
loading under wet conditions. One of the main failure reasons of resin-based
restoration is fracture based on a meta-analysis study[2]. These challenging
conditions induce the formation of microcracks in the resin matrix, which may arise
due to silane hydrolysis and/or plasticizing of resin components [3, 4].
Continuous mechanical and environmental stress can lead to crack propagation,
resulting in catastrophic failure of resin-based dental composite restorations [4]. To
overcome this drawback, self-healing dental composites containing microcapsules
filled with polymerizable healing liquid have been designed [5, 6]. The self-healing
ability of such dental composites has been confirmed under static conditions
both by our and other groups [5-8]. However, these static measurements do not
correspond to physiological loading scenarios [7]. Evidently, static mechanical tests
do not permit to characterize of long-term fatigue behavior of self-healing dental
composites. Nevertheless, this long-term fatigue behavior of self-healing dental
composites has received surprisingly little attention. To the best of our knowledge,
only one study has focused on the characterization of fatigue behavior of selfhealing dental composites [9]. The fatigue behavior of conventional non-self-healing
resin-based composites, on the other hand, has been extensively studied using
various cyclic loading tests [4, 10, 11]. Among them, staircase testing was shown to be
an effective method to determine the fatigue strength of resin-based composites
using the approximation described by Dixon and Mood [12]. Besides cyclic loading
caused by mastication, the aging environment also strongly determines the
fatigue resistance of dental resin-based composites [4, 13]. Wet conditions, including
enzymes from the saliva, can strongly reduce the mechanical performance of resinbased composites [14, 15]. We recently designed a new in vitro fatigue/wear (aging)
simulation (Rub&Roll) machine to study the influence of cyclic loading and the wet
oral environment simultaneously. This machine applies cyclic grinding stresses
resembling physiological loading conditions in terms of stress magnitude and
frequency and allows to test cyclic loading under wet conditions closely resembling
the oral environment [16]. Using this chewing simulation machine, experimental
materials can be subjected to high numbers of chewing cycles corresponding to
several years of physiological loading in just a few weeks. In addition, our previous
studies showed that the cup-shape wear patterns created by Rub&Roll on molars
closely resembled those on molar occlusions of human patients [17]. Based on the
favorable combination of flexibility and practicality, this machine enables to study
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fatigue behavior of dental restorative materials under physiologically relevant in
vitro conditions [16, 18].
We hypothesized that our self-healing resin-based composites containing
microcapsules filled with healing liquid would exhibit enhanced fatigue resistance
compared to non-self-healing controls. To test this hypothesis, the current study
investigated the fatigue resistance of these self-healing resin-based dental
composites using two different experimental setups: 1) traditional staircase fatigue
tests; and 2) fatigue testing using a wear simulation device (Rub&Roll) to simulate
oral aging under conditions combining cyclic loading and a wet environment.

2. Materials and methods
2.1 Synthesis of microcapsules
We used an oil-in-water method to synthesize poly(urea-formaldehyde) (PUF)
microcapsules containing an acrylic healing liquid as previously reported [7]. The
“water phase” was an aqueous solution of ethylene-maleic anhydride (EMA,
Sigma, UK), and the “oil phase” was the healing liquid composed of triethylene
glycol dimethacrylate (TEGDMA, Sigma-Aldrich, Switzerland) and N, N-Dimethyl-ptoluidine (DEPT, Merck KGaA, India). Urea (Sigma, UK) and formaldehyde solution
(37 wt%, Sigma, Switzerland) were used to form the microcapsule shell. First, at
room temperature, 26 mL (2.5 wt%) EMA solution was added to 100 ml Milli-Q
water. A lab mixer (IKA Works (Asia), RW20 DZM. N, Sdn. Bhd. Malaysia) with a
three-bladed propeller (radius: 20 mm) was used to stir the solution at 300 rpm.
Subsequently, 2.5 g urea, 0.25 g ammonium chloride (Merck KGaA, Germany),
and 0.25 g resorcinol (Sigma-Aldrich, India) were added to this aqueous solution.
Ammonium chloride and resorcinol were used to improve the strength and
toughness of the microcapsules [19]. 40 mL self-healing liquid (mixture of TEGDMA
99 wt% and DEPT 1 wt%) was added dropwise to the solution using a single syringe
infusion pump (KDS, Infusion), where after the stirring speed and pH was adjusted
to 400 rpm and 3.5. Subsequently, 6.3 g formaldehyde solution was added to this
emulsion to form the microcapsule shells. Thereafter, the emulsion was left 4 h in
a water-bath at 55°C to allow for polymerization of the microcapsule shells, after
which the emulsion was cooled down and the microcapsules were filtered using a
vacuum filter. Finally, the microcapsules were washed with water and acetone and
air-dried in a fume hood at room temperature for 24 h.
2.2 Characterization of microcapsules
Light microscopy (LM, Zeiss) and scanning electron microscopy (SEM, Sigma
300, Zeiss) were used to characterize the morphology of the microcapsules. The
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microcapsule size and shell thickness were measured based on the LM images
and SEM images (Imaging software Fiji, Image J 1.47v). Microcapsule size was
measured by counting 100 microcapsules randomly from 5 pictures. To confirm
successful encapsulation of the healing liquid in the microcapsules, we used
fourier-transform infrared spectroscopy (FTIR, Spectrum Two, PerkinElmer) to
characterize the molecular structure of the microcapsules resolution at 4 cm-1,
averaging three scans.
2.3 Preparation of composite specimens
All composite specimens were prepared using rectangular molds (polydimethylsiloxane, PDMS) with 12.5 × 5 × 2.5 mm dimensions. A commercially available
flowable composite (Clearfil Majesty TM ES Flow, Kuraray, Osaka, Japan), initiator
(benzoyl peroxide, BPO, ACROS, New Jersey, USA), and self-healing microcapsules
were used for composite specimen preparation. Based on our previous study, microcapsules of ~200 μm were chosen to achieve maximum self-healing efficiency
[7]
. We manually mixed the initiator (2.0 wt%) and microcapsules (10 wt%) into the
flowable composite to prepare self-healing composites (see Table 1 for the composition of various experimental groups). Composites were cured for 20 seconds
directly on each side (two sides) with a LED polymerization unit (Bluephase 16i,
Ivoclar, Schaan, Liechtenstein, output >1300 mW/cm2). All specimens were stored
in distilled water for 24 h at room temperature before mechanical testing.
Table 1. Composition of various experimental groups
Group name
Initiator (BPO)
concentration
(wt%)
Resin-based composite
0
Resin-based composite containing BPO 2
Self-Healing composite
2

Microcapsule
concentration
(wt%)
0
0
10

Flowable
composite
(wt%)
100
98
88

2.4 Flexural strength
A universal testing machine (AMETEK, LS5, LLOYD) was used to determine the
flexural strength of the specimens using a three-point-bending test (span: 10 mm,
crosshead speed: 1 mm / min) [5]. Initial flexural strength (Sinitial) and final flexural
strength (Sfinal) were calculated using the formula below (N = 8):

where L is the span, Pmax the maximum loading force, b the width of specimen, and
h the thickness of specimen.
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2.5 Fatigue test by the staircase method
Fatigue resistance of the resin-based composite specimens was determined
using a previously described staircase method [12, 20] at room temperature using a
universal testing machine (858 Mini Bionix II, MTS) according to a cyclic three-point
bending test setup (span: 10 mm). The initial stress amplitude (~50 % of the initial
maximum flexural strength Sinitial) [12, 20], step size (in the range of 0.5 ~ 2 times of
the standard deviation of Sinitial), and group size of the staircase method are shown
in Table 2. The universal testing machine was set at a frequency of 1 Hz and the
duration of the fatigue test was fixed at 10,000 cycles [10]. The first specimen was
tested at the initial stress until it either failed or survived the 10,000 cycles to start
the staircase fatigue test in each group. According to the principle of staircase
testing, the load applied on the second specimen was decreased or increased by
the predetermined step size (ΔS) depending on if the previously tested sample
failed or survived the fatigue test, respectively. Finally, the staircase fatigue test
was finished until all specimens were tested according to the procedure above.
Table 2. The initial stress, step size and group size in staircase method
Group
Initial stress (MPa)
Step size (ΔS) (MPa)
Group size (N)
1
70
15
15
2
50
15
15
3
25
5
15

After the testing, the mean fatigue strength (FS, μ) and standard deviation (σ)
were calculated by the Dixon and Mood method [21]. The corresponding formulas
are shown below:

if
or

if
=
A =
B =
F =
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where S0 is the minimum stress level, j is an integer representing the stress level;
at the stress level of j, nj is the number of specimens in the less happened event.
The plus sign (+) in the fatigue strength formula is chosen when survived events
happen less than fracture events; the minus sign (-) is chosen for the opposite
situation. Scanning electron microscopy was used to check the fracture planes of
the fractured samples.
2.6 Fatigue tests in a wear simulation machine (Rub&Roll)
A top view of the interior of Rub&Roll is shown in Fig. 1A. The specimens were
fixed to the poly(methyl methacrylate) sample holders (Autoplast cold-curing
denture base material, Candulor, Wangen Switzerland) with a dental impression
compound material (Kerr, Czech Republic). Next, the length of all sample holders
with specimens was fixed at 27.5 mm by a cutting machine (Weiss machine & tools,
WMD20LV). A 0.5 mm shim was placed under each sample holder based on the
previously recorded relationship between shim thickness and resulting normal
forces in the Rub&Roll to adjust the applied maximum loading force to 50 N
during fatigue testing in the simulation machine (Fig. 1C). PVC tubes were placed
on each loading rod to mimic food chewing. Artificial saliva solution (methyl-phydroxybenzoate, sodium carboxymethylcellulose, KCl, MgCl2, CaCl2, K2HPO4,
KH2PO4, pH: 7.2, 600 mL) was added to the simulation machine to provide a wet
environment. During the aging process, the rotation speed of the machine was
set at 9 rpm and the contact frequency 0.15 Hz to mimic loading conditions like
mastication in clinical situation. The artificial saliva solution and PVC tubes were
changed every week. After four weeks of fatigue testing (corresponding to 448,000
loading cycles), the dental impression compound was removed from the specimens,
and the flexural strength after the Rub&Roll testing (Sfinal) was measured by using
a universal testing machine (MTS, 858 Mini Bionix II) with the three-point-bending
test as described above (span: 10 mm) in Section 2.4. Scanning electron microscopy
(SEM) was also used to check the fracture plane of the fracture surfaces.
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Fig. 1. Image of the interior of the wear simulating machine (Rub&Roll) including a sample carrier in
the center and four rods around the carrier (A); schematic partial cross-section of sample holders in the
Rub&Roll machine (B), including the shim (1), poly(methyl methacrylate) sample holder (2), specimens
of resin-based dental composites (3), rod (4) and PVC tube (5); relationship between loading force and
shim thickness of the Rub&Roll machine (C).

Blocks of around 2.5 x 2.5 x 2.5 mm3 have been scanned using the Multiscale Skyscan
2211 (Bruker, Belgium), at a voxel size of 1.0 μm, 90 kV, 200 μA, 360o rotation, 0.29
o
rotation step, and 1800 ms exposure time, averaging 3 frames per projection for
micro computed tomography. Tomograms were reconstructed using filtered backprojection at NRecon (v. 1.7.4.6, Bruker, Belgium). The separation of air bubbles
and initiators/microcapsules was performed using Avizo (FEI Visualization Sciences
Group, USA), based on the sphericity of the objects. Calculation of equivalent
diameter, percentage of initiators/microcapsules and air bubbles and 3D rendering
were also conduct on Avizo.
2.7 Statistical analyses
For the groups without aging and aging with Rub&Roll, 8 observations were
available in each condition. For the staircase method only one value and standard
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deviation for fatigue strength (FS) were available, for each experimental group.
This standard deviation has exactly the same interpretation as the standard
error for the groups without aging or aged with the Rub&Roll. This implies that
all comparisons between groups or methods of aging could be performed with
t-tests. These tests were performed both for the absolute decreases in strength as
well as for the relative decreases ( (Sinitial - Sfinal)/ Sinitial × 100% ).

3. Results
3.1 characterization of microcapsules
A representative light microscopy (LM) image of the synthesized microcapsules is
shown in Fig. 2A, which reveals that the microcapsules exhibited a regular spherical
morphology and had a size of 215 ± 30 μm. In addition, representative scanning
electron microscopy (SEM) images (Fig. 2B and C) showed a clear microcapsule
morphology with a microcapsule shell thickness of around 180 nm.

Fig. 2. Light microscopy of microcapsules (A); scanning electron micrograph of the microcapsules (B);
electron micrograph of microcapsule shell (C).

Characteristic absorption peaks of the self-healing liquid and shell were detected
using FTIR in the microcapsules (Fig. 3). In the FTIR spectrum of the self-healing
liquid, the vibration absorption peak at 1538 cm-1 was assigned to =C-H bonds in
TEGDMA as well as the vibration of benzene rings in DEPT. The peak at 1023 cm-1
was attributed to the bending of the olefin C=O vibration from TEGDMA. In the
FTIR-spectrum of the shell, the peak at 1563 cm-1 was caused by the amide N-H
group. Overall, the FTIR results confirmed that the healing liquid was successfully
encapsulated in the PUF microcapsules.
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Fig. 3. Fourier-transform infrared spectroscopy (FTIR) of self-healing liquid, shell and microcapsules.

3.2 Staircase fatigue tests
The results of the staircase fatigue tests are shown in Fig. 4. The results of initial
flexural strength (Sinitial) and fatigue strength (FS) are shown in Table 3 and Fig.
5A. As expected, the fatigue strengths (FS) of all groups were significantly lower
than the initial strength (Sinitial) (Table 3, Fig. 5A). The decrease ratio ((Sinitial – FS)/
Sinitial × 100%) between fatigue strength relative to the initial strength was shown in
Table 4 and Fig. 5B, and there was no significant difference between these three
groups. Scanning electron microscopy (SEM) of the fracture planes of the fractured
samples (Fig. 6) indicated that the fracture surface of resin-based composite was
smooth. In contrast, initiator particles (BPO) were recognizable for resin-based
composite containing BPO (indicated by white arrows). For self-healing resin-based
composites, initiators (white arrows) and microcapsules could be clearly detected.
Stepwise fracture patterns were also clearly visible on the fracture surfaces (black
arrows), which indicate the brittle fracture mode of the flowable composites.
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Fig. 4. Staircase fatigue test results for microcapsule-free resin-based composite, microcapsule-free
composite containing BPO, and self-healing composite containing microcapsules. (j: the stress level;
nj: the number of specimens in the less happened event at the stress level of j, A =
B=
).

Table 3. Initial flexural strength (Sinitial), fatigue strength (FS) and results from Student’s
t-test (p-value and 95% confidence interval (CI)) for comparison between Sinitial and FS
strength for three types of resin-based composites.
Group name
Resin-based composite
Resin-based composites
containing BPO
Self-healing composites

Sinitial (MPa, N = 8)

FS (MPa, N = 1)

p

CI

139.0 ± 19.5
97.7 ± 16.3

73.2 ± 26.5
46.8 ± 12.6

0.0472
0.0079

[1,1….130,5]
[18,1…83,7]

50.0 ± 5.5

30.4 ± 4.5

0.0053

[8,0...31,3]
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Fig. 5. Comparison between initial flexural strength (Sinitial) and final fatigue strength (FS) after staircase
fatigue testing of different resin-based composites (A); decrease ratio ((Sintial-FS)/ Sinitial × 100%) in three
different resin-based composites (B).

Table 4. Comparisons of the decrease ratio ((Sinitial – FS)/ Sinitial × 100%) between three
different resin-based composites.
Group name
(Sinitial – FS)/ Sinitial × 100% (N = 1)
p
CI
Resin-based composite vs.
Resin-based composites
containing BPO
Resin-based composites vs.
Self-healing composites
Resin-based composites
containing BPO vs. Selfhealing composites

47.3 ± 19.7% vs. 52.1 ± 14.2%

0.8437

[-42,8….52,4]

47.3 ± 19.7% vs. 39.3 ± 9.9%

0.7150

[-35,1…51,2]

52.1 ± 14.2% vs. 39.3 ± 9.9%

0.4578

[-21,0…46,7]



Fig. 6. Scanning electron microscopy of the fracture surface of the fractured specimens: resinbased composite (A); resin-based composite containing BPO (B); self-healing composite containing
microcapsules (C). White arrows and black arrows indicate initiator (BPO) particles and stepwise
fracture patterns, respectively.
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3.3 Flexural strength before and after aging in the Rub&Roll machine
Table 5 and Fig. 7A showed the flexural strength of the composites before (Sinitial) and
after (Sfinal) four weeks of aging in the Rub&Roll simulation machine, respectively.
Sfinal decreased to a level of 83% relative to Sinitial (p = 0.0509, CI [-0,1...46,1) for the
resin-based group, close to statistical significance, whereas Sfinal of the resin-based
composite containing BPO group significantly decreased to 71% of Sinitial (p=0.0129,
CI [7,1...50,5]). However, Sfinal for the self-healing composite group decreased to a
lesser extent (93% relative to Sinitial) compared to the other types of composites
upon oral aging in the Rub&Roll machine (p = 0.3658). In addition, the decrease
ratios ((Sinitial – Sfinal)/ Sinitial × 100%) calculated from the flexural strength of the
composites before (Sinitial) and after (Sfinal) four weeks of aging in the simulation
machine were shown in Table 6 and Fig. 7B, and there was no significant difference
in the comparisons of the decrease ratio between the three groups.
Table 5. Initial flexural strength (Sinitial), final flexural strength (Sfinal) and results from
Student’s t-test (p-value and 95% confidence interval (CI)) for comparison between Sinitial
and Sfinal for three types of resin-based composites.
Group name
Resin-based composite
Resin-based composites
containing BPO
Self-healing composites

Sinitial (N=8)

Sfinal (N=8)

p

CI

139.0 ±19.5 MPa
97.7± 16.3 MPa

116.0 ± 23.4 MPa
68.9 ± 23.5MPa

0.0509 [-0,1...46,1]
0.0129 [7,1...50,5]

50.0 ± 5.47 MPa

46.5 ± 9.07MPa

0.3658 [-4,5...11,5]

Fig. 7. The flexural strength of resin-based composite, resin-based composite containing BPO, and selfhealing composites containing microcapsules before and after aging in the wear simulating machine
(Rub&Roll) (Sinitial and Sfinal, respectively) (A); the decrease ratio between the final strength to the initial
strength ((Sinitial -Sfinal)/ Sinitial × 100%) (B).
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Table 6. Comparison of the decrease ratio ((Sinitial – Sfinal)/ Sinitial × 100%) between flexural
strength of the composites before (Sinitial) and after (Sfinal) for three different resin-based
composites.
Group name
(Sinitial – Sfinal)/ Sinitial × 100% (N = 1)
p
CI
Resin-based composite vs.
Resin-based composites
containing BPO
Resin-based composites vs.
Self-healing composites
Resin-based composites
containing BPO vs.
Self-healing composites

16.5 ± 7.7% vs. 29.5 ± 10.3%

0.3172

[-12,4...38,3]

16.5 ± 7.7%% vs. 7.0 ± 7.5%

0.3757

[-11,6...30,7]

29.5± 10.3% vs. 7.0 ± 7.5%

0.0785

[-2,6...47,5]

After four weeks of aging in the Rub&Roll machine, nano-CT morphological analysis
was applied on the various experimental groups (Fig. 8A, E and I). The initiators/
microcapsules and air bubbles were marked as red and green, respectively (Fig. 8B,
F and G). Initiator particles and microcapsules were homogeneously distributed
throughout the matrix of the resin-based composite containing BPO (Fig. 8G)
and self-healing composites (Fig. 8K). The amount of air bubbles was lower in the
resin-based composite containing BPO (Fig. 8H) vs. high in self-healing composites
(0.87 % vs. 1.69 % of the total volume) (Fig. 8L). The equivalent diameter of the air
bubbles in the resin-based composite containing BPO was 53.6 µm [13.7 - 455.4] µm,
whereas in the self-healing composite it was 48.2 µm [5.2 - 413.7] µm. Microcapsules
and initiators (Fig. 8C) or air bubbles (Fig. 8D) were not detected in resin-based
composite control specimens. Unfortunately, no microcracks in the samples could
be detected using this technique. Upon nano-CT morphological testing, scanning
electron microscopy showed that fracture planes were comparable to the fracture
planes as observed upon staircase testing (Fig. 9).
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Fig. 8. Nano-CT images of resin-based dental composites after four weeks of aging in the wear
simulating machine (Rub&Roll): resin-based composite (A-D); resin-based composite containing BPO
(E-H); self-healing composite containing microcapsules (I-L). BPO and microcapsules were marked with
red (C, G and K) and air bubbles were marked with green (D, H and L).

Fig. 9. Scanning electron microscopy of the fracture surface of the Rub& Roll-aging resin-based dental
composites after the three-point-bending test: resin-based composite (A); resin-based composite
containing BPO (B); self-healing composite containing microcapsules (C). White arrows and black
arrows indicate initiator (BPO) particles and stepwise fracture patterns.
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4. Discussion
The objective of this study was to investigate the fatigue resistance of resin-based
composite containing microcapsules filled with healing liquid. To this end, we used
traditional staircase fatigue tests and a clinically more relevant wear simulation
machine (Rub&Roll) to simulate the oral environment through cyclic masticationmimicking loading in the presence of artificial saliva.
In the staircase fatigue test, fatigue resistance primarily depends on the presence
of material flaws [21]. Therefore, the staircase fatigue test based on prolonged cyclic
loading of test specimens is a well-established method to create microcracks and
evaluate their effect on mechanical performance. Similar to previous studies, selfhealing composites containing microcapsules displayed a considerably reduced
flexural strength [5, 7]. Therefore, it can be concluded that the 10,000 loading
cycles under the current experimental conditions were sufficient to reduce
the mechanical properties of all resin-based dental composites by inducing the
formation and growth of microcracks, as reflected by a decreased ratio of the final
vs. initial flexural strength of between 39 - 52%. No differences were observed
between the various groups, indicating that the staircase test did not discriminate
between the tested composites regarding their long-term fatigue behavior. From
the SEM photos of the fracture planes, stepwise fracture patterns were clearly
visible on the fracture surfaces of the self-healing dental composite, which are
indicative of the brittle fracture mode of the flowable composites, even for selfhealing composites containing microcapsules.
Although a staircase fatigue test is an efficient way to evaluate the fatigue behavior
of dental composites, it should be stressed that the cyclic loading stresses applied
in such tests are much higher than physiological loading in the oral environment [22].
From the strong reductions in relative strength as described above (39 % - 52 %),
it can be concluded that the staircase method was too severe to reveal potential
improvements regarding fatigue resistance of the self-healing composites. This
excessive loading might have compromised the self-healing efficiency of the
microcapsules by forming microcracks that were too large to be healed by healing
liquid flowing from fracture microcapsules.
A wear simulating machine (Rub&Roll) was used in this study to apply a mild
cyclic loading under wet conditions to the resin-based composites to mimic the
physiological conditions of the oral environment more closely. Flexural strength
clearly decreased for resin-based composites and resin-based composites
containing BPO after 4 weeks in the Rub&Roll due to a combination of water100
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aging (4 weeks) and cyclic loading (corresponding to 5 years of clinical mastication
cycles). In a previous study on static aging of resin-based composites in water
(2 years), the flexural strength of resin-based dental composites depended on
curing time, filler concentration, and concentration of silane coupling agents,
but the influence of water aging on flexural strength was marginal [23]. However,
our results indicate that cyclic loading under wet conditions as exerted by the
Rub&Roll led to further deterioration of the flexural strength of the resin-based
composites. These results seem to indicate that traditional static aging in water
does not reflect the complexity of physiological mastication. In contrast, cyclic
loading under wet conditions appears to be a clinically more relevant test method
to study the long-term performance of resin-based conditions.
However, the flexural strength of self-healing composites was not reduced upon
cyclic loading under wet conditions in the Rub&Roll machine. Therefore, it can be
concluded that self-healing composites containing microcapsules improved the
fatigue resistance of the resin-based dental composites. Evidently, cyclic loading
upon staircase testing was more extreme and challenging for the resin-based
composites, while the milder testing conditions upon cyclic loading under wet
conditions in the Rub&Roll led to efficient healing of microcracks and prevention of
the formation of large microcracks. In addition, we showed that self-healing dental
composites effectively resisted water-aging when exposed to artificial saliva in
the Rub&Roll. These results were in line with previous studies which concluded
that the self-healing efficiency and fracture toughness were not affected by static
water aging for up to six months [8]. Self-healing of dental resin-based composites
facilitated by incorporation of microcapsules filled with healing liquids resulted in
efficient healing, even under highly wet conditions [8].
However, the incorporation of microcapsules inevitably led to considerably
reduced initial flexural strength values of resin-based composite. This outcome
was in agreement with previous studies on self-healing composites containing
microcapsules, which showed that enhanced microcapsule and/or initiator contents
decreased the flexural strength and/or fracture toughness of these composites [5-8].
It is logical that resin-based composites’ flexure strength or fracture toughness
decreased upon incorporating mechanically weak microcapsules containing
healing liquids. The nano-CT analysis of the various resin-based composites
revealed a second mechanism by which self-healing composites were weakened
upon introducing self-healing microcapsules. Undesirably, manual mixing of
BPO and microcapsules with flowable composite introduced high amounts of air
bubbles of diameters range between different diameters, which undoubtedly
deteriorate the mechanical properties of those samples. Therefore, future studies
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on self-healing resin-based composites should aim for a more efficient method
to incorporate microcapsules without introducing air bubbles. In addition, human
saliva will be chosen as a wet condition in Rub&Roll machine to better mimic the
oral environment wear condition, after the current machine can overcome the
contamination problems of the human saliva during long-time aging.

5. Conclusion
Self-healing composites containing microcapsules filled with acrylic healing liquids
exhibit enhanced fatigue resistance under wet conditions in a wear simulation
machine (Rub&Roll).
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1. Summary and discussion
Due to the continuous progress in the development of advanced resin-based dental
composites, direct restorations are increasingly used for challenging treatments in
severe tooth wear patients. A 5.5-year clinical study on these severe tooth wear
patients showed that only 2.3% of the direct resin-based composite restorations
displayed catastrophic failures [1]. However, fatigue-induced wear is associated
with microcrack formation, which may finally lead to catastrophic failure of the
restorations due to macroscopic fracture. Therefore, fundamental understanding
of fatigue-induced wear behavior of resin-based dental composite materials
is crucial to predict and improve their clinical longevity. To this end, the current
thesis investigates both i) clinical wear behavior of direct resin-based composites
as a function of patient and material factors (Part I), and ii) self-healing and wear
behavior of resin-based composites enriched with microcapsules containing
polymerizable healing liquids (Part II).
In Chapter 2 of this thesis, the influence of patient factors on clinical wear
behavior of direct resin-based composite restorations in tooth wear patients was
investigated based on five-year clinical data. 38 patients with moderate to severe
tooth wear were treated with direct resin-based composite restorations. Intraoral
3D scans were recorded at 1 month and 5 years after treatment. The amount of
height loss was measured at six index teeth (both maxillary central incisors and
all first molars) using Geomagic Qualify software. Patient factors such as gender,
age, vertical dimension of occlusion (VDO) increase, biting force, and etiology
score, jaw position and bearing condition (between bearing vs. non-bearing cusps)
were included in the analysis. It was concluded that patient factors such as age,
VDO increase, biting force, and etiological factors, as well as jaw position, did
not show significant influences on height loss of direct resin-based composite
restorations, but bearing cusps were associated with significantly increased height
loss compared to non-bearing cusps.
Besides the influence of patient factors on the wear behavior of direct resin-based
composite restorations, material factors may also have effects on clinical wear.
Therefore, Chapter 3 compared the clinical wear behavior of microhybrid with
nano direct resin-based composite restorations based on a 5-year clinical data set
of severe tooth wear patients. Eight severe tooth patients were treated with a
microhybrid composite (Clearfil APX, Kuraray) and eight with a nanocomposite
(Filtek Supreme XTE, 3M). Clinical records were collected after 1 month (baseline)
as well as 1, 3, and 5 years post-treatment. The maximum height loss at specific
areas per tooth was measured with Geomagic Qualify software. Nanocomposite
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restorations showed significantly less wear at bearing cusps, whereas microhybrid
composite restorations showed less wear at non-bearing cusps and anterior
maxillary teeth. It was concluded that nanocomposites showed a better wear
performance on bearing cusps, whereas microhybrid composites perform better
non-bearing cusps.
A potential solution to improve the wear performance of direct resin-based
composites entails the development of self-healing dental composite. This can be
achieved by incorporating microcapsules containing polymerizable healing liquids
to heal fatigue-induced microcracks. However, the influence of microcapsule
and initiator parameters on the self-healing capacity is still poorly understood.
Therefore, the objective of Chapter 4 was to systematically investigate the
effect of initiator concentration (in the resin) as well as microcapsule size and
concentration on the self-healing performance of commercially available flowable
resin-based composites. To this end, poly(urea-formaldehyde) (PUF) microcapsules
containing acrylic healing liquid were synthesized in small (33 ± 8 μm), medium (68
± 21 μm), and large sizes (198 ± 43 μm). Subsequently, these microcapsules were
incorporated into a conventional flowable resin-based composite (Majesty Flow
ES2, Kuraray) at different contents (5 - 15 wt%) and benzoyl peroxide (BPO) initiator
concentrations (0.5 – 2.0 wt%). Fracture toughness (KIC) of test specimens was
tested using a single edge V-notched beam method. Immediately after complete
fracture (KIC-initial), the two fractured parts were held together for 72 h to allow for
healing. Subsequently, fracture toughness of the healed resin-based composites
(KIC-healed) was measured as well. The results indicated that the fracture toughness
of healed dental composites significantly increased with increasing microcapsule
size and concentration. It was concluded that commercially available resin-based
composites can be rendered self-healing most efficiently by incorporating large
microcapsules. Nevertheless, long-term fatigue and wear tests are needed to
confirm the clinical efficacy of these resin-based composites.
Chapter 5 of this thesis experimentally studied the fatigue and wear behavior
of self-healing dental composites enriched with microcapsules containing
polymerizable healing liquids. To this end, the experimental specimens were
subjected to both traditional staircase three-point flexural tests as well as aging
studies in a custom-designed chewing simulator (Rub&Roll) to simulate oral
aging under physiologically relevant conditions. In brief, poly(urea-formaldehyde)
microcapsules containing acrylic self-healing liquids were incorporated into a
commercial flowable resin-based composite (microcapsule concentration 10 wt%
and initiator concentration 2 wt%). Microcapsule-free resin-based composites
with and without initiator were also prepared as control specimens. A three-point
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flexural test was used to measure the initial flexural strength (Sinitial). Subsequently,
half of the specimens were used for fatigue testing using a common staircase
three-point bending approach. In addition, the other specimens were aged in the
Rub&Roll machine for four weeks, whereafter the final flexural strength (Sfinal) was
measured. Compared to the initial flexural strength (Sinitial), the strengths after
fatigue testing (Sfinal) of all tested specimens significantly decreased. After four
weeks of aging in the Rub&Roll machine, Sfinal was significantly reduced compared
to Sinitial for microcapsule-free resin-based composites, but not for the self-healing
dental composites. Based on these results, it was concluded that self-healing
dental composites containing microcapsules exhibited improved fatigue resistance
compared to microcapsule-free non-self-healing dental composites.
Overall, the following conclusions on clinical wear and experimental self-healing
behavior of resin-based dental composites can be drawn from this thesis:
• In vivo – Direct resin-based composite restorations used in patients with tooth
wear showed significant wear as evidenced by substantial height loss in a
5-year clinical follow-up study. Patient factors (including age, VDO increase,
biting force, and etiological factors), as well as jaw position, did not have a
significant influence on the wear behavior of direct resin-based composite
restorations in this specific group of patients. Direct resin-based composite
restorations on bearing cusps developed significantly more wear than similar
restorations on non-bearing cusps.
• In vivo – Restorations prepared from nanocomposites induced less wear when
positioned in bearing cusps, whereas restorations prepared from microhybrid
composites showed less wear on the non-bearing cusps and anterior maxillary
area.
• In vitro - Commercially available resin-based composites can be rendered selfhealing by the incorporation of microcapsules. Moreover, the self-healing
capacity of flowable composites enriched with microcapsules increased
with increasing microcapsule size and concentration as well as initiator
concentration.
• In vitro - Self-healing dental composites containing microcapsules filled with
acrylic healing liquids exhibited enhanced fatigue resistance under wet
conditions in a wear simulation machine as compared to microcapsule-free
resin-based composites.
In Part I, the two clinical studies (Chapter 2 and Chapter 3) showed that the wear of
direct resin-based composite restorations was affected by the bearing conditions
on cusps and the composites used for restorations. These insights provide tools
to select suitable restoration materials based on the bearing conditions of the
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restoration elements to improve the treatment outcome and treatment experience
of the patients. However, from a clinical perspective, both types of materials (AP-X
and Filtek Supreme XTE) display a comparable functional performance level. Both
highly filled hybrid composite (AP-X) and nanocomposite (Filtek Supreme XTE)
showed significant amounts of wear over time. Nevertheless, both types of dental
materials were suitable for application in severe tooth wear patients. In Part II,
we investigated the feasibility of using a self-healing dental composite to improve
fatigue and wear resistance. Although evaluation of the biocompatibility of selfhealing dental composites was beyond the scope of this thesis, biocompatibility
of any novel dental materials is an essential material property that should be
characterized in detail. Therefore, in vitro cytotoxicity and clinical tests are still
required before clinical translation can be considered. In addition, due to esthetic
requirements, current self-healing dental composites developed in this thesis
would only be suitable for deeper layers of dental restorations, where esthetic
demands are less stringent. Finally, it should be emphasized that the current selfhealing microcapsule system has only been applied so far in commercially available
flowable resin-based composites due to the high flowability of these composites. A
more efficient mixing strategy should be developed to incorporate microcapsules
in other composites with higher viscosity without reducing the mechanical
properties of the composites by introducing excessive amounts of porosity.

2. Future perspectives
Although the above-described conclusions provide new insights into the clinical
and experimental long-term behavior of direct resin-based composite restorations,
further improvements should be realized to benefit clinical practice. The following
directions for future in vivo and in vitro research are proposed to facilitate clinical
translation of the obtained main findings.
2.1 Clinical wear behavior of composite restorations in severe tooth wear
patients
The current thesis focused on clinical wear behavior (height loss) of two types
of minimally invasive applied direct resin-based composite restorations in tooth
wear patients. It was found that both composite restorations used in these studies
showed a significant amount of wear progression over 5 years. By comparing
the wear behavior of these materials between severe tooth wear and ‘normal’
patients without excessive tooth wear, it should be realized that risks for wear
are different. Therefore, wear behavior can be regarded as a significant risk factor
in the survival of the restorations in this specific patient group with a high risk
of failure. This may explain why a prospective clinical study concluded that ‘the
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thicker the restoration, the longer the survival’ upon investigation of the effect
of the vertical dimension of occlusion (VDO) on survival of restorations [2]. The
clinical relevance of this conclusion is that when treating these patients, sufficient
composite thickness must be applied to withstand wear progression over time.
Since indirect restorative materials typically display enhanced functional performance in terms of e.g. wear resistance, it would be interesting to measure
wear progression of these materials as well in future clinical studies. Different
indirect materials are available, such as indirect resin-based composite, ceramics,
and Polymer Infiltrated Composite Networks, but clinical information regarding
their long-term survival is still lacking in the literature [3, 4]. Recently, an 11-year
survival of ceramic indirect restorations was published, showing an almost 100%
survival rate [5]. However, in this study, restorations were not placed according to
the minimally invasive treatment philosophy. It will be interesting to investigate
the wear progression of indirect materials over time and compare the wear
behavior to direct composite restorations, which can provide patients with various
treatment options using different types of restoration materials.
In this thesis, the two clinical studies (Chapter 2 and Chapter 3) used the ‘modified
reference-based alignment’. This technique is a modification of the previously
published ‘reference alignment’ protocol [6], showing accurate and reproducible
results of the wear measurements [7]. However, manual analysis of single cases
using this technique require approximately 7 hours. Therefore, this technique can
only be used in a research setting and not in general practices. To improve the
analysis efficiency, automatization of the measuring procedure is needed. This can
be performed by designing specific software packages, where artificial intelligence
tools can be used to simulate the step-by-step procedure originally performed by
a researcher. Moreover, besides the progression of tooth wear, changes in soft
tissues or relapse after orthodontic treatments are also interesting aspects to
study. Regarding these soft tissues, digital measurements in the gingiva based
on 3D scans and 2D intraoral photographs (on gingival recession, gingivitis, color
changes, plaque, etc.) would provide a diagnostic and treatment plan to increase
the measurement accuracy and maintain compatibility [8].
2.2 Improving the functional performance of self-healing dental composites
Although incorporation of self-healing microcapsules in commercial flowable resinbased composite clearly improved their self-healing capacity (Chapter 4) and fatigue
resistance (Chapter 5), basic mechanical properties of these self-healing composites
such as fracture toughness and flexural strength were compromised. According to
previously reported studies on self-healing dental composite, a high concentration
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of microcapsules can directly deteriorate the mechanical properties of the host resinbased composite [9-12]. Preferably, microcapsule concentration should not exceed 10
wt % [9, 10], which was in line with our studies in Chapters 4 and 5. Additionally, nanoCT scans revealed that the incorporation of microcapsules was accompanied with
abundant formation of air bubbles, which also compromised the initial mechanical
properties of the resulting composites. This air bubble formation is likely related to
the applied mixing procedure [13], which indicates that more advanced microcapsule
mixing procedures should be developed to reduce the overall porosity of self-healing
microcapsules. For instance, decreasing the powder-liquid ratio and corresponding
viscosity might be an option to improve the microcapsule mixing procedure [13]. In the
current thesis, all self-healing dental composites were fabricated from commercial
flowable resin-based composites with much higher viscosities thanthe monomeric
matrix phase. Therefore, microcapsules and initiators could also be mixed at lower
viscosity in the monomeric resin. Alternatively, mixing under vacuum conditions may
also reduce the amount of porosity formed during incorporation of microcapsules [14].
Ultimately, reduction of porosity formation upon microcapsule incorporation
by means of advanced mixing procedures will undoubtedly enhance the initial
mechanical properties of the resulting self-healing composites, thereby accelerating
the translation towards the development of clinically-usable self-healing dental
composite.
Besides the mechanical properties, the esthetical properties of self-healing
dental composites must also be considered. Patients request esthetically-pleasing
restorative treatment outcomes and a healthy oral environment, so restorations
should be readily polishable. This requirement restricts the suitability of various
dental materials and techniques for restorative dentistry. Microscale capsules,
for example, displayed suitable mechanical properties to enable efficient selfhealing, but their integrity might be affected by abrasive polishing treatments.
Consequently, polishing treatments might induce premature leaking of monomers
from superficial microcapsules, thereby increasing the risk for associated toxicity [9].
To overcome this potential shortcoming, nanoscale microcapsules [15-17] with suitable
mechanical properties containing fast-curing [18] and non-toxic healing liquids (eg.
glycidyl methacrylate (GMA) [19, 20]) might present an attractive solution, since
these types of nanocapsules typically combine enhanced esthetic performance
with lower risk for unwanted monomer leaking. Extensive in vitro cytotoxicity
tests (e.g. proliferation and metabolic activity assays) and in vivo biocompatibility
tests studying the response of soft and hard oral tissues (including the gingiva,
mucosa, pulp, and bone) to microcapsules and self-healing composites should be
completed before clinical translation of microcapsule-enriched self-healing resinbased composites can be considered.
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Dankzij de continue ontwikkeling van tandheelkundige composieten worden
directe tandheelkundige restauraties steeds vaker gebruikt voor complexe
behandeling, zoals bij de behandeling van patiënten met ernstige tandslijtage.
Fundamenteel begrip van het door materiaalmoeheid geïnduceerde slijtagegedrag van dergelijke composieten is cruciaal om hun klinische levensduur te
kunnen voorspellen en verbeteren. Daarom is in dit proefschrift
onderzoek beschreven naar zowel i) het klinisch slijtagegedrag van directe
composietrestauraties als functie van patiënt- en materiaalfactoren (Deel I) als ii)
het zelfherstellend vermogen en slijtagegedrag van dergelijke composieten verrijkt
met microcapsules die polymeriseerbare herstelvloeistof bevatten (Deel II).
In Hoofdstuk 2 van dit proefschrift is de invloed van patiëntfactoren op het klinische
slijtagegedrag van composietrestauraties onderzocht bij patiënten met ernstige
gebitsslijtage. Hiertoe is een dataset gebruikt bestaande uit klinische gegevens
met een vervolgtijd van vijf jaar. Geconcludeerd werd dat patiëntfactoren zoals
leeftijd, toename in Verticale Dimensie van Occlusie (‘beethoogte’), bijtkracht,
etiologische score en kaakpositie geen significante invloed hadden op de slijtage
van directe composietrestauraties. Dragende knobbels lieten daarentegen meer
slijtage zien dan niet-dragende knobbels.
Naast de invloed van patiëntfactoren op het slijtagegedrag van directe
composietrestauraties kunnen ook materiaalfactoren het klinisch slijtagegedrag
beïnvloeden. Daarom heeft Hoofdstuk 3 van dit proefschrift het klinische
slijtagegedrag van een microhybride vs. een nanocomposiet vergeleken aan
de hand van een klinische dataset van patiënten met ernstige gebitsslijtage
met een vervolgtijd van vijf jaar. Geconcludeerd werd dat het nanocomposiet
minder slijtage vertoonde op die delen van het element die in occlusie stonden,
terwijl het microhybride composiet minder slijtage vertoonde op niet-dragende
tandknobbels.
Een mogelijke oplossing om het slijtagegedrag van tandheelkundige composieten
te verbeteren behelst de ontwikkeling van zogenaamd zelfherstellend
tandheelkundig composiet. In Hoofdstuk 4 van dit proefschrift is daarom het
effect van de initiatorconcentratie (in de kunsthars) en de grootte en concentratie
van met herstelvloeistof gevulde microcapsules op het zelfherstellend vermogen
van commercieel verkrijgbaar “flowable” composiet systematisch onderzocht.
Geconcludeerd werd dat commercieel verkrijgbaar “flowable“ composiet verrijkt
met grote microcapsules het beste zelfherstellend vermogen lieten zien.
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In Hoofdstuk vijf van dit proefschrift is daarom ten slotte het vermoeiings- en
slijtagegedrag bestudeerd van zelfherstellende tandheelkundige composieten
verrijkt met microcapsules die polymeriseerbare herstelvloeistof bevatten.
Geconcludeerd werd dat zelfherstellende tandheelkundige composieten verrijkt
met microcapsules een verbeterde weerstand tegen materiaalmoeheid lieten zien
dan conventionele composieten zonder dergelijke microcapsules.
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