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Abstract

Nowadays, short fiber-reinforced composites are broadly used in modern restorative dentistry. The tensile strength, Young's modulus, 

density, and polymerization shrinkage of these materials are developed to mimic the original teeth tissue best. The shrinkage, 

however, will occur during any polymerization process, which can cause residual stress and gap formation between the tooth and 

the filling. These can lead to the propagation of cracks, reduction in the adhesive bond strength, or even cause separation in the 

restoration. During this research, a biomimetic dental restoration was created on a surgically removed third molar with EverX short-

fiber reinforced dental composite by bulk-filling technique. The restored tooth sample was examined by X-ray computed tomography 

to obtain a 3D image of the whole restoration. The volume of the used adhesive, the material discontinuities, and internal cavities 

were determined. A cut-out slice was further investigated by scanning electron microscopy to examine the adhesive layer thickness, 

the gap formation, and the quality of the filling. Finally, microtensile specimens were machined to evaluate the bond strength between 

the tooth dentin and the filling material.
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1 Introduction
Dental science, including the methodology and materials 
science of tooth restoration, is a dynamically developing 
field. Thanks to a novel biomimetic approach, the resto-
ration of deep Class I cavities can be filled with shortfi-
ber-reinforced composite resins, preventing significant 
tooth material removal. Thanks to the low polymerization 
shrinkage and good translucency of these biomimetic mate-
rials, larger cavities (~5 × 5 × 5 mm) can be filled in one 
step [1]. During the crosslinking of these light-cured short 
fiber-reinforced composites, polymerization shrinkage is 
still inevitable, which might lead to gap formation and crack 
propagation causing a reduction in the bond strength [2]. 
To characterize these biomimetic restorations, non-destruc-
tive and destructive examination methods can be used. 

The measurement methods have also changed in recent 
years with the growing importance of biomedical engineer-
ing, where basic engineering assumptions and methods are 
applied to medical applications so that quantifiable results 
can be achieved through reproducible practice [3].

Biomimetics is an innovative, multidisciplinary sci-
entific approach, which focuses on biology, engineering, 
and other sciences, while aiming to develop solutions 
to a variety of practical problems by modeling biologi-
cal systems [4]. Every tissue and organ in the oral cavity 
has its unique properties, which must be considered when 
creating restorations. In biomimetic dentistry, significant 
advances have been achieved in the design and regenera-
tion of dental hard and soft tissues [5]. Its aim is to be able 
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to develop a restoration compatible with the original tooth 
tissue's structural, functional, and biological properties [6].

In a study carried out by Shimada et al. [7], a non-de-
structive visual examination method called swept-source 
optical coherence tomography (SS-OCT) was used to 
observe the cavity adaptation of dental restorations. This 
non-invasive imagining device does not utilize ionizing 
radiation; therefore, it is not harmful regarding biological 
tissues and thus can be used in dental practice. Although, 
since the SS-OCT method is based on the utilization of 
optical interference, the size and the material of the observ-
able structures are limited because only the depth pene-
trated by light can be examined. During the study, to rec-
reate a similar environment to the dental practice, while 
establishing structures observable by SS-OCT, the dentin 
replacement composite was filled in melamine resin with 
a higher degree of transparency instead of a real tooth.

Another study, by Sadr et al. [8] also used the poten-
tial of the SS-OCT technology to examine various dental 
restoration methods. During the investigation, in addition 
to creating a 3D image that represents the whole struc-
ture after polymerization, 2D real-time videos were also 
recorded during the light curing. Similar to the previous 
study, to reach sufficient OCT signal intensity at the bot-
tom of the cavity to examine the gap between the resto-
ration and the cavity floor, a composite mold was used 
with higher transparency instead of real human molars.

Another non-destructive imaging method to evalu-
ate dental restorations (among many other structures) is 
the use of micro-computed tomography (µCT). With the 
help of this method, microstructures, defects, and also dif-
ferences in density and morphology can be analyzed [9]. 
The µCT scan uses X-ray to transilluminate objects, 
allowing the size, homogeneity, and location of each tooth 
tissue to be observed. The machine examines the whole 
volume of the sample slice by slice, and at the end of the 
examination, a 3D image can be obtained [10]. The dis-
advantage of this method is that it can only be used on 
removed teeth, since the equipment uses high acceleration 
voltage X-ray radiation to acquire results with the highest 
possible resolution. The medical CT equipment has much 
lower resolution to ensure minimal X-ray radiation [11].

In order to receive 3D images of restored human teeth, 
the µCT method has to be utilized. During a study by 
Oglakci et al. [12], different bulk-fill composites and resto-
ration techniques on Class II cavities were evaluated with the 
beforementioned method. Since a 3D image is received after 
the examination, the gap formation between the restorative 

materials and the walls of the cavity could be quantified by 
image analysis on the measurement of black volumes.

Demirel et al. [13] also examined Class II cavities by 
micro-computed tomography, five different bulk-fill resin 
composites were evaluated based on the extent of void for-
mation after light curing.

The effect of different filling techniques on internal 
void formation in Class I cavities was also examined by 
Demirel et al. [14] in another study. During sample prepa-
ration, the occlusal (chewing) surface was cut to obtain 
a flat plane before drilling cylindrical cavities, which were 
filled up later. In total 160 freshly extracted, caries and 
defect-free human third molars were evaluated by µCT 
method in the study.

In addition to morphological examination methods, 
a quasi-static strength-based method called microtensile 
bond strength (µTBS) test has been one of the most rele-
vant and important testing procedures in the development 
of dentin adhesive systems. With this testing method, the 
load capacity of the adhesive bond between the dentin and 
the filling material can be quantified, giving a basis for 
the comparison of various adhesive systems, filling mate-
rials, and dental procedures. Most previous studies related 
to dentin adhesive systems utilize the µTBS test to its use-
fulness and the comparability of its results [15–18].

During this study, a Class I biomimetic dental resto-
ration (Fig. 1) was made by an experienced dentist, sim-
ulating a dental procedure used in practice. Compared to 
conventionally filled restorations, the strength and durabil-
ity are expected to be more favorable. The fracture tough-
ness and the microstructure of conventional dental fillings 
significantly differ from those of dentin, causing dissimi-
larities in the structure. Thus, applying a more dentin-like 
short fiber reinforced composite with higher fracture 

Fig. 1 Schematic figure of a Class I cavity in a molar marked with green
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toughness may lead to improvement [19, 20]. The aim 
of this study was to develop and demonstrate a complex 
method to test the internal integrity and bond strength of 
dental fillings. Our primary goal was to test a filling with 
a non-destructive 3D imaging method, and a destructive, 
microscopy imaging method before and after microtensile 
bond strength tests. Our secondary goal was to validate 
the results of the μCT analysis with electron microscopy 
images. In addition to the articles mentioned before, it is 
our goal to validate the results of the µCT analysis with 
electron microscopy images.

2 Materials and methods
2.1 Materials used in the study
As dentin replacement material, the EverX Posterior (GC 
Corporation, Tokyo, Japan) shortfiber-reinforced compos-
ite was used. The polymerization shrinkage of this mate-
rial is minor, making it possible to create a gap-free con-
nection, and the glass fibers can prevent the propagation of 
cracks within the filling [21].

The Estelite Asteria OCE (Tokuyama Dental Corpora- 
tion Inc., Tokyo, Japan) is an enamel replacement material, 
which, thanks to its favorable properties, closely resembles 
the enamel, thus creating an aesthetic restoration.

To promote the crosslinking of the adhesive, a flow-
able resin, the Clearfil Majesty flow composite was used 
(Kuraray Co., Ltd., Tokyo, Japan). Since the applied layer 
of adhesive is thin, and the oxygen located on top of the 
layer would prevent its polymerization in small volumes, 
a thicker layer of the latter mentioned composite is applied 
over the adhesive to avoid this phenomenon.

To ensure the connection between the filling mate-
rial and the tooth, Clearfil SE Protect (Kuraray Co., Ltd., 
Tokyo, Japan), a light-cured, self-etch two-steps adhesive 
system was applied. Its special feature is that it contains 
functional monomers, like MDPB with antibacterial cavi-
ty-clearing properties and 10-MDP which creates a chem-
ical bond to the hard tissues of the tooth.

2.2 Method of dental restoration
During this current research, one otherwise healthy third 
molar was removed for orthodontic reasons. To obtain 
the ideal filling, it is essential to adhere to the exact time-
frames during the procedure.
In the first step of the preparation, a 4 × 4 × 4 mm 
Class I cavity was created by an 850018SC (NTI-Kahla 
GmbH, Kahla, Germany) instrument in a Ti Max Z95L 
(NSK Corporation, Ann Arbor, MI, USA) electric dental 

handpiece at 40000 rpm with water cooling in an extracted 
third molar. This was followed by 10 seconds of sandblast-
ing on 5 bar pressure with 27 μm Al2O3 particles from 
a distance of 2−4 mm. The next step was selective etch-
ing of the enamel with Blue Etch gel (PPH CERKAMED 
Wojciech Pawlowski, Stalowa Wola, Poland) orthophos-
phoric acid for 20 seconds, then 10 seconds of rinsing 
with water and drying with compressed air on 6 bar pres-
sure. The cavity was then rubbed with Clearfil SE Protect 
Primer for 30 seconds to penetrate into the dentin, then 
blown by compressed air for 30 seconds to evaporate all 
the solvent from the primer. The application of the Clearfil 
SE Protect Adhesive was the next step, which was only 
thinned with a microbrush and the excess was removed 
with suction. The adhesive was cured with a VRN VAFU 
LED lamp (Guilin Veirun Medical Technology Co., Ltd., 
Guangxi, China) for 20 s, at 476 nm, and 1400 mW/cm2. 
The oxygen inhibits the polymerization up to a certain 
thickness (10−20 µm in case of adhesive resins [22, 23]). 
An additional thin composite layer is required to counter-
act the polymerization inhibiting effect of oxygen. Clearfil 
Majesty Flow composite was applied on top of the bond 
layer at a thickness of 0.5 mm. Lastly, the structure was 
cured with a polymerization lamp for 20 seconds.

As for creating the restoration, a bulk filling method 
was used in this current study. After the preparation, the 
cavity was filled with the EverX Posterior dentin replace-
ment material and crosslinked with polymerization 
light two times for 20 seconds. The missing enamel was 
restored with Asteria Estelite OCE composite, in several 
layers, cusp by cusp. Each layer was polymerized sepa-
rately for 20 seconds.

2.3 Examination methods
After the preparation of the fillings, it is recommended to 
use non-destructive material testing methods to examine 
the restored teeth prepared by dentists, as the other test-
ing methods require the destruction of the samples. This 
study was performed using a YXLON FF35 dual-tube 
computed tomography equipment (YXLON International 
GmbH, Hamburg, Germany) with a 3.9-megapixel detec-
tor, a resolution of 0.6 µm in 3D and 0.15 µm in 2D, and 
a metrological measurement error of maximum 3.2 µm. 
The samples were reconstructed and evaluated using 
VGSTUDIO MAX 3.4 software [24].

To further examine the internal structure of the filled 
teeth, and to perform the microtensile bond strength test, 
proper sample preparation was necessary (Fig. 2). As the 
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first step, the tooth was attached to a Ø20 mm diameter 
Duracryl Plus two-component resin cylinder (SpofaDental 
Inc., Jičín, Czech Republic) with StickyStar (S & S 
Scheftner GmbH, Mainz, Germany) dental wax.

The tooth was then cut with a Buehler IsoMet 1000 dia-
mond disc cutter (Buehler Ltd., Lake Bluff, IL, USA) at 
the center of the tooth, perpendicular to the occlusal plane, 
opening the pulp cavity, which was filled with conven-
tional dental composite then crosslinked. After this, the 
second cut was perpendicular to the previous cut, this way, 
~2 mm thin slices were obtained (Fig. 2(d)), which were 
examined later by scanning electronic microscopy (SEM). 
For the µTBS tests, these slices were further cut to rectan-
gle-based blocks (Fig. 2(e)).

After the preparation of the slices, scanning electronic 
microscopy (SEM) examination was used, where the gold-
plated sample was scanned by a focused electron beam. 
The specimens were investigated with a Zeiss EVO MA10 
scanning electron microscope (Carl Zeiss AG, Jena, 
Germany) at 20 kV accelerating voltage to investigate the 
layers of the filing and possible gaps created by polymer-
ization shrinkage in 2D. Seconder electron (SE) detector 
was used for the characterization of the layers and for the 
investigation of the fractured surfaces. For further analy-
sis, backscatter electron (BSE) detector was used on the 
fractured dental filling.

With the prepared rectangle-based block specimens, the 
µTBS examinations were performed by an Instron 5965 elec-
tromechanical material testing device (Instron, Norwood, 
MA, USA). The machine was equipped with a 5 kN load 
cell, and the measurements were implemented with a cross-
head speed of 1 mm/min. The microtensile bond strength 
test were carried out with specially designed jigs to further 
improve reproducibility (Fig. 3). This type of jig is used for 
the microtensile testing of various materials, since the align-
ing pins restrict the torsonal and bending loads; therefore, 
even brittle materials can be loaded with pure tension.

After the µTBS tests, the fractured surface areas were 
investigated by SEM. By this examination method the 
exact location of fracture can be determined.

3 Results and discussion
3.1 Results of the µCT analysis
In the images obtained from the tests, the different density 
layers show different greyness values, so the individual 
layers can be clearly distinguished. By examining individ-
ual layers of the resulting 3D model, gaps, separations and 
inclusions can be observed.

The µCT image slice (Fig. 4) shows the layers of the 
restored tooth, and it can be observed that in the case of 
direct bulk fillings, there is a material with air-like density 
at the bottom of the cavity and along the wall, which needs 
to be examined using other imaging techniques.

Fig. 2 Preparation steps for the morphological and mechanical 
examinations: a) attachment of the tooth for cutting, b) opening the pulp 
cavity, c) marking the cutting lines for the slices, d) cut slice and e) cut 

µTBS testing specimens

Fig. 3 Jig used for the microtensile bond strength tests

Fig. 4 µCT image of the direct bulk filled tooth
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In order to investigate the boundary layers between 
each material and tissue, an edge detection test was run. 
This determined the volume of the delimited parts and 
their location, which can be observed in Fig. 5. The vol-
ume of the filling and the extent of the boundary layer was 
determined as 24.6 mm3 and 0.80 mm3, respectively.

3.2 Results of the SEM examinations
The SEM images confirm the results of the CT scan. 
In Fig. 6, it can be observed that the material at the bottom 
of the filling, which resembles the density of air on the 
CT scan, appears to be the adhesive used for the filling. 
For confirmation of the assumption, the extent of the adhe-
sive was observed with CT imaging.

The average adhesive layer thickness is quantifiable 
with the SEM image of the cross-section of the resto-
ration. The beforementioned numerical data was cal-
culated with JMicroVision 1.2.7 image analysis soft-
ware [25]. The average thickness was 38.48 ± 30.25 µm. 
Fig. 6. shows the reason behind the relatively significant 
standard deviation, as the adhesive is not distributed uni-
formly on the bottom of the cavity.

The results of the SEM examinations after the µTBS 
tests can be seen in Fig. 7. It is clearly visible, that the fail-
ure occurred on the tooth-filling boundary layer, as the 
fracture surface is relatively smooth.

The fracture surface has brittle characteristics at the 
boundary of the dentin and the filling; however, as Fig. 7 
shows, locally, at a well-defined area, the fracture occurred 
within the adhesive (marked with arrows).

Fig. 5 Visual simulation run to examine boundary layers

Fig. 6 SEM image of the direct bulk-filled restoration

Fig. 7 SEM images of the surface areas of the fracture after the µTBS 
test: a) SE detector image of the molar side, b) SE detector image of the 

filling side, and c) BSE detector image of the tooth side
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3.3 Results of the microtensile bond strength tests
From the investigated tooth, a total of five tensile spec-
imens were cut out. The average and standard devia-
tion of the measured microtensile bond strength was 
28.6 ± 3.8 MPa.

The maximum bond strength was 37.4 MPa which 
is approaching the strength of the dentin-enamel junc-
tion (~51.1 MPa [26]). The bond strength can be further 
improved with levelling the bottom of the cavity flatter, and 
applying the adhesive evenly, with quasi-constant thickness.

4 Conclusion
The research objectives have been successfully achieved 
by conducting and evaluating material analysis of a biomi-
metic restoration. The presented methods can be applied 
onto any dental restoration. It can be stated that the µCT 
scan is suitable for non-destructive microstructural anal-
ysis of dental samples. Still, software evaluations are 

complex due to the small size of the sample and the rough-
ness of the internal surfaces. The greyness value of the 
adhesive is very close to that of air, so additional measure-
ments are needed to assess gaps and separations using dif-
ferent methods. However, 3D imaging provides superior 
information about the restoration, compared to any 2D 
imaging or mechanical testing.
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