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Objective. Fracture is one of the main causes for failure of resin-based composite restora-
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tions. To overcome this drawback, self-healing resin-based composites have been designed
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by incorporation of microcapsules. However, the relationship between their self-healing
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capacity and microcapsule and resin parameters is still poorly understood. Therefore, the
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objective of this study was to systematically investigate the effect of initiator concentration
(in the resin) and microcapsule size and concentration on the self-healing performance of
commercially available ﬂowable resin-based composites.

Keywords:

Methods. Poly(urea-formaldehyde) (PUF) microcapsules containing acrylic healing liquid

Microcapsule

were synthesized in small (33 ± 8 m), medium (68 ± 21 m) and large sizes (198 ± 43 m) and

Fracture toughness

characterized. Subsequently, these microcapsules were incorporated into a conventional

Self-healing

ﬂowable resin-based composite (Majesty Flow ES2, Kuraray) at different contents (5–15 wt%)

Resin-based composites

and benzoyl peroxide (BPO) initiator concentrations (0.5–2.0 wt%). Fracture toughness (KIC )

Flowable composite

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 tested as well.
Results. The fracture toughness of healed dental composites signiﬁcantly increased with
increasing microcapsule size and concentration (2 wt% BPO, p < 0.05). The highest selfhealing efﬁciencies (up to 76%) were obtained with microcapsules sized 198 ± 43 um.
Signiﬁcance. commercially available resin-based composites can be rendered self-healing
most efﬁciently by incorporation of large microcapsules (198 ± 43 m). However, long-term
tests on fatigue and wear behavior are needed to conﬁrm the clinical efﬁcacy.
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article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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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 ﬁller-reinforced dental composites is still
poorly understood. Moreover, the concept of extrinsic selfhealing (containing monomer healing liquid) has only been
conﬁrmed in experimental systems but not yet successfully
implemented in commercially available dental resin-based
composite formulations.
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 resinbased 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-p-toluidine (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
1 M 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 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.
infrared
spectroscopy
(FTIR,
Fourier-transform
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
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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 resinbased composites, we manually mixed the microcapsules,
initiator (benzoyl peroxide, BPO, ACROS, New Jersey, USA)
and the commercially available ﬂowable composite (Clearﬁl
MajestyTM ES Flow, Kuraray, Japan) and applied the mixture into rectangular molds (polydimethylsiloxane, PDMS)
in size 12.5 mm × 5 mm × 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 s (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 ◦ C).

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].
KIC =
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To test the self-healing efﬁciency (), 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 efﬁciency () was

deﬁned as the ratio between the fracture toughness values of
healed vs. initial samples [5,8–10,12]:
=

K

IC-healed



KIC-initial

∗ 100%

During the second fracture toughness test, several samples
did not reveal any self-healing 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 =

2.5.

N(successfully healed sample)
∗ 100%
N(sample per group)

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:
Y = a + bx
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.

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 m, 68 ± 21 m, and 33 ± 8 m,
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.
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 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.
The thermogravimetric analysis of the microcapsules
revealed a similar trend for the three different microcap-
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Table 1 – Composition of various experimental groups.
Test

Group Initiator
concentration
(wt%)

Microcapsule
size

Microcapsule
concentration
(wt%)

Effect of initiator concentration on self-healing performance

Control
1
2
3

0
0.5
1.0
2.0

–
Large
Large
Large

0
10
10
10

Effect of microcapsule size and concentration on self-healing performance Control
1
2
3
4
5
6
7
8
9

0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

–
Large
Medium
Small
Large
Medium
Small
Large
Medium
Small

0
5
5
5
10
10
10
15
15
15

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

sules 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 accel-

erated at temperatures above 240 ◦ C, which indicates that the
small and medium microcapsules were thermally more stable than the large capsules. Between 200 ◦ C and 300 ◦ C, the
weight loss was attributed to the removal of formaldehyde and
self-healing liquid due to urea-formaldehyde decomposition
and gradually increasing diffusion of the core (healing liquid)

d e n t a l m a t e r i a l s 3 7 ( 2 0 2 1 ) 403–412
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sules, 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 darker color as compared to the light color of the matrix. At higher magniﬁcation
(Fig. 4B), 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).

3.3.

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

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

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.

3.2.
Characterization of resin-based composites
containing microcapsules
From the SEM images (Fig. 4A), it can be observed that the
microcapsule-free resin-based composite (control) showed a
smooth fracture surface. In all groups containing microcap-

Self-healing efﬁciency test

The fracture toughness (KIC ) tests (Fig. 5A) 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.
Fig. 6A–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.

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 and 240 m) on extrinsic self-healing of dental
resin-based composites [5,8,9,12,13]. The SEM images conﬁrmed that the size of microcapsules could be varied between
30 and 240 m 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 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 compos-
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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.

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).

Table 2 – Linear regression analysis of the effects of microcapsule size and microcapsule concentration on KIC-healed .
Comparison

Effect

95% Conﬁdence interval

Intercept
Microcapsule concentration: 10% vs. 5%
Microcapsule concentration: 15% vs. 5%
Microcapsule size: medium vs. large
Microcapsule size: small vs. large

0.239
0.148
0.165
−0.165
−0.218

[0.158 to 0.321]
[0.058 to 0.237]
[0.076 to 0.255]
[−0.225 to 0.076]
[−0.307 to 0.128]

ites 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

p
<0.001
0.002
<0.001
<0.001
<0.001

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 ∝

h
r
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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.

Pﬂuid ∝ R2
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 selfhealing 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].
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 selfhealing 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 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 selfhealing systems by triggering the rupture-induced polymerization. From our study, it can be concluded that a minimal
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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.

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 longterm 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 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 m). The self-healing 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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