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Polymerization shrinkage of dental resin composites can lead to restoration debonding or cracked tooth tissues in composite-restored teeth.
In order to understand where and how shrinkage strain and stress develop in such restored teeth, Digital Image Correlation (DIC) was used
to provide a comprehensive view of the displacement and strain distributions within model restorations that had undergone polymerization
shrinkage.

Specimens with model cavities were made of cylindrical glass rods with both diameter and length being 10 mm. The dimensions of the mesial-
occlusal-distal (MOD) cavity prepared in each specimen measured 3 mm and 2 mm in width and depth, respectively. After filling the cavity with
resin composite, the surface under observation was sprayed with first a thin layer of white paint and then fine black charcoal powder to create
high-contrast speckles. Pictures of that surface were then taken before curing and 5 min after. Finally, the two pictures were correlated using DIC
software to calculate the displacement and strain distributions.

The resin composite shrunk vertically towards the bottom of the cavity, with the top center portion of the restoration having the largest downward
displacement. At the same time, it shrunk horizontally towards its vertical midline. Shrinkage of the composite stretched the material in the
vicinity of the “tooth-restoration” interface, resulting in cuspal deflections and high tensile strains around the restoration. Material close to the
cavity walls or floor had direct strains mostly in the directions perpendicular to the interfaces. Summation of the two direct strain components
showed a relatively uniform distribution around the restoration and its magnitude equaled approximately to the volumetric shrinkage strain of the
material.

Video Link

The video component of this article can be found at http://www.jove.com/video/51191/

Introduction

Resin composites are widely used in restorative dentistry because of their superior aesthetics and handling properties. However, despite being
bonded to the tooth tissues, the polymerization shrinkage of resin composites remains a clinical concern as the shrinkage stress developed may
cause debonding at the tooth-restoration interface’. Consequently, bacteria can invade and reside in the failed areas and result in secondary
caries. On the other hand, if the restoration is well bonded to the tooth, the shrinkage stress may cause cracking in the tooth tissues. Either

of these failures will jeopardize the service life of the dental restoration, which will be subjected to a large number of cycles of thermal and
mechanical loading.

Measurement of polymerization shrinkage strain and stress has thus become indispensable in the development and evaluation of dental resin
composites3'4. Various measuring techniques or methods have been developeds'11 with the main purpose of providing a simple setup for
measuring the shrinkage behavior of resin composite materials reliably. While the measurements they provide may be sufficient for comparing
the shrinkage behaviors of different materials, they do not help in the understanding of how and where shrinkage stress develops in actual
restored teeth. Specifically, a question of great interest is how the cavity walls constrain the shrinkage of composites and leads to the creation
of shrinkage stress in dental restorations'~. Note that, to create shrinkage stress, part of the shrinkage strain of the resin composite has to be
converted into tensile elastic strain. It would therefore be useful if this component of the strain in the restoration can be measured. Recently, the
optical full-field strain-measuring technique, Digital Image Correlation (DIC), has been applied to the measurement of free shrinkage of resin
composites as well as material flow in dental restorations'*'°. The basic idea of DIC is to track and correlate visible patterns on the sample
surface from sequential images taken during its deformation whereby the displacement and strain fields over that surface can be determined.
Full-field measurement is one of the main advantages of the DIC method, which is especially useful in observing non-uniform deformation and
strain patterns”. In this study, DIC was used to uncover the strain patterns in dental resin composite restorations, with the aim of understanding
the development of shrinkage stress and identifying potential sites for debonding. This information is not directly available in the works cited
above'*"® which only measured the displacement of the restoration due to polymerization shrinkage. The measurement was conducted
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using models that simulated teeth with mesial-occlusal-distal (MOD) tooth cavities as an attempt to replicate the stress or strain in real dental
restorations. Although the use of real teeth is more anatomically representative, the disadvantage of that |s the significant inherent differences
among teeth in anatomy, mechanical properties, degree of hydration as well as invisible internal defects' that result in large variations in the
results. To overcome such a drawback, some studies have tried to standardize tooth samples by grouping them in terms of the buccal size™® or
replaced the teeth altogether with models of a surrogate material'”. For example, aluminum models which have a similar Young’s modulus to
enamel (69 and 83 GPa respectively) have been employed in shrinkage stress measurement, with the level of shrinkage stress being indicated
by the cusp deflection'”. In this study, silica glass models (cavities) were used instead because the material also has a similar Young’s modulus
(63 GPa) to human enamel and, as it is transparent, any debonding or cracking in the specimens can be readily observed.

Note: Three dental resin composites were studied using the glass cavities: Z100, Z250 and LS, as listed in Materials List. Among them, LS is
known to be a Iow-shrlnkage resin composite with a volumetric shrinkage of around 1.0%, much lower than those of 2250 and Z100 (~2% and
~2.5%, respectively) 1819 The equipment and other materials used in this study are also given in Materials List.

1. Model Cavity Preparation

1. Cutalong cylindrical glass rod, 10 mm in diameter, into 10-mm long short rods using a low-speed diamond saw.
Cut a Mesial-Occlusal-Distal (MOD) cavity (Figure 1) measuring 3 mm (width) x 2 mm (depth) in each specimen using an adapted low-speed
diamond saw.

3. Polish down each cylindrical specimen to create a flat surface perpendicular to the length of the cavity, with dimensions as shown in Figure 1.
The flat surface allows precise focusing and image calibration on the restoration. Henceforth, it will be called the observation surface.

4. Prepare three specimens for each of the three materials tested: Z100, Z250 and LS; see Materials table.

2. Cavity Filling with Resin Composite

1. Apply a thin layer of Ceramic Primer with a brush to silanize all the glass cavity surfaces. This allows bonding between the glass surfaces and
the resin composites.

2. After about 1 min, apply a thin layer of adhesive. Use LS Adhesive system for composite LS and Adper Single Bond Plus for composite Z100
and Z250.

3. Cure the adhesive with a curing light and duration (10-20 sec) based on the manufacturer’s instructions (Materials table).

4. Cover all the glass surfaces surrounding the restoration with black tape except the observation surface, as shown in Figure 2. The purpose is
to avoid the curing light reaching the resin composite through the surrounding transparent glass, which does not happen in real teeth.

5. Bulk-fill the cavity with resin composite and scrape off any excess to flatten all the surfaces.

3. Surface Painting

1. Spray a thin layer of white paint onto the observation surface, which now includes part of the resin composite.
2. Sprinkle immediately some black fine charcoal powder onto the paint to create high-contrast speckles. The irregular shapes of the speckles
will help the DIC software to identify them and track their movements.

4. Sample Mounting, Curing, and Photographing

1. Referring to Figure 2, place a specimen (E) into the holder (C) and tighten it with a screw (D). Then, place the whole unit at the end of a large
horizontal beam.

Secure a CCD camera and a yellow illumination LED light onto the same beam such that they face the observation surface.

Using a stand with adjustable clamps, position the curing light such that its tip is about 1 mm above the sample.

Take a picture of the specimen to provide the reference image prior to curing.

Cure the resin composite for 20 sec.

Take another picture at 5 min after curing.

Place a calibration block at the same position as the observation surface and take a picture. The calibration block contains an array of circular
dots with size and spacing precisely known.

NoorwN

5. Image Analysis with DIC Software

Import the two pictures taken for each sample, one before and one after curing, into the DIC software.

Calibrate the dimensions of the images and correct for image distortion using the image of the calibration block. .

Define the area of interest within the observation surface for analysis.

Define the size of the square subset windows as 64 x 64 pixels for the first iteration and 32 x 32 pixels for the second iteration®®. Define the
overlap as 50%.

5. Correlate the image taken after curing with the reference image taken before curing to calculate the displacement and strain distributions.

Pob=
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Representative Results

Three specimens were tested for each material. After each test, the specimen was examined by eyes or, if necessary, using a microscope. No
apparent debonding at the “tooth-restoration” interface or cracking was found.

The resolution of the pictures was 1,600 x 1,180 pixels with a pixel size of 5.8 mm. With a subset window size of 32 pixels, the spatial resolution
of the displacement distributions was around 186 mm.

Figure 3 shows a typical plot of the displacement vectors of a cured restoration made with Z250. Specimens with the other resin composites
produced similar displacement plots. It can be seen that the resin composite shrunk towards the bottom of the cavity and the top center portion of
the restoration had the largest downward displacement. Such downward displacement gradually reduced with the depth within the restoration. At
the same time, the resin composite contracted horizontally towards the vertical midline of the restoration where the horizontal displacement was
zero.

The plot of horizontal strain, Figure 4A, shows high tensile strain concentrations along the two vertical “tooth-restoration” interfaces. Similarly, a
vertical tensile strain concentration can be seen at the bottom interface in Figure 4B. Within the restoration, the strain was not uniform. Higher
horizontal contraction strain was found adjacent to the two vertical side walls as well as at the top of the restoration (Figure 4A), while vertical
contraction strain increased gradually along the depth of the cavity (Figure 4B). However, when the two direct strain components were summed
together, which is named in-plane total direct strain here, a relatively uniform distribution of contraction strain within the restoration can be seen;
see Figure 4C. Similarly, a band of relatively uniform tensile strain concentration can be seen surrounding the restoration.

To evaluate the strain concentration in more details, displacement and strain values were extracted further from the DIC results of a Z250
specimen along a horizontal line at the mid depth of the restoration, as illustrated in Figure 5. The anti-symmetric blue dashed curve shows the
horizontal displacement, of which the maximum and minimum values of around 2 mm and 1 mm, respectively, represented the deflections of
the left and right cusps. Positive values represented rightward displacements and negative values leftward displacements. Thus, the left cusp
moved to the right and the right cusp to the left. There was a sharp increase in displacement at the interfaces on both sides of the cavity, which
peaked at a short distance into the restoration. With further increase in distance, the magnitude of the displacements decreased sharply and
reached zero at approximately mid width of the cavity, where the plane of anti-symmetry lay. The red solid curve shows the horizontal strain
along the same horizontal line. It can be seen that the strain on most of the glass surface was nearly zero. Corresponding to the displacements
with peak magnitudes at the interfaces are two tensile strain peaks, with values of about 1.7% and 1.5% on the left and right, respectively. Within
the restoration, a relatively constant contraction strain of about 0.5% can be seen.

Figure 6 shows the mean in-plane total direct strain of the three resin composites along the same horizontal line. LS produced the lowest in-
plane total contraction strain of approximately 1% in the restoration, followed by Z250 with a value of around 2% and then Z100 with a value
of around 2.5%. These in-plane total contraction strains of the three resin composites were approximately equal to their volumetric shrinkage
strains'®'°. The three tested materials showed similar tensile strain concentrations at the interfaces, these being around 1%.
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Observation surface

10 mm

Figure 1. Dimensions of the glass model with a MOD cavity and the observation surface.
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Figure 2. Apparatus for shrinkage strain measurement consisting of: A) CCD camera, B) yellow LED illumination light, C) specimen holder,
D) tightening screw, and E) glass cavity specimen.
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Figure 3. Displacement vectors of a typical specimen filled with Z250 composite. The dashed lines indicate the boundaries of the cavity.
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Figure 4. Strain distributions on the observation surface showing contraction strain in the restoration and tensile strain concentration along the
“tooth-restoration” interface: A) horizontal strain (Exx); B) vertical strain (Eyy), and C) in-plane total direct strain (Exx + Eyy). The dashed lines
indicate the boundaries of the cavity. Please click here to view a larger version of this figure.
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Figure 5. Horizontal displacement and strain along the horizontal line at mid depth of the cavity obtained from a Z250 specimen. The shaded
area indicates the position of the cavity.
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Figure 6. In-plane total direct strain for the three tested composites along the horizontal line at mid cavity depth.

The use of glass cavities with the same shape and dimensions for shrinkage strain measurement was to minimize the variation in results due

to differences in size, anatomy and material properties of natural human teeth. In addition, the fused silica glass used in this study has a similar
Young’s modulus to enamel, making it a suitable simulant material for natural teeth as far as mechanical behavior is concerned” ™. Although

in real tooth restorations, the resin composite is mostly bonded to dentin rather than enamel, and there is a difference in stiffness between the
two tooth tissues, the strain distribution obtained with a softer tooth model is not expected to be very different in terms of its pattern, even though
the values may be different. With the application of a ceramic primer and a proper adhesive, strong bonding between the resin composite and
the glass cavity walls was ensured, allowing shrinkage stress to fully develop in the specimen without debonding of the restoration. In fact, the
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bond strength between the glass and resin composite was believed to be higher than the fracture strength of the glass because cracks had been
found in som1(-32 glass specimens, mostly filled with Z100, when larger cavities were being used. The same observation had been made by other
investigators “.

The thin layer of paint sprayed onto the surface of the resin composite could potentially hinder the material’s flow and shrinkage because of its
finite stiffness. Therefore, special care was taken to avoid over-painting the resin composite surface. The paint was sprayed gently at a distance
from above to allow the mist to fall thinly onto the specimen surface, forming dispersed, rather than lumpy, speckles. The fine charcoal powder
that was later sprinkled on also consisted of loose particles that were unlikely to hinder the resin composite’s movement.

The size of the speckles on the observation surface, in conjunction with the subset window size, is important to the accuracy of the DIC

result. Some studies concluded that the speckle size should be a few pixels so that the correlation error is low?. In this study, with an image
resolution of 5.8 um, the speckle size should therefore be ~30 ym. This was achieved with the thin layer of white paint and fine carbon powder,
as described above. The selection of an appropriate subset window size in this study was made according to reference523'24, and a few trials
had been performed before the size of 32 x 32 pixels was selected. Larger subset windows help reduce the random errors because they
contain more patterns for matching between images, thus effectively reducing the uncertainties in the processzs'zs. However, the cost of using
larger subset windows is the loss of finer details within them. Therefore, as long as the correlation error is acceptable, a small window size is
always desired, particularly when the displacement/strain map is highly non-uniform and the local deformation is of interest. The selection of
an optimal subset window size is generally determined by experience or through trials and errors. The software Davis 7.2 allows the use of up
to two interrogations for a single correlation, which means that a bigger subset window size can be used to first obtain a rough but less noisy
displacement field and then a reduced subset window size can be used to give a more detailed but noisier displacement field.

Note that the strain measured in the resin composite was the net strain, which included the elastic strain, creep strain and shrinkage strain.
Therefore, the strain pattern in the cured dental restoration strongly depended on the constraint from the cavity walls as well as the shrinkage
and flow of the resin composite. On the other hand, the surrounding glass only deformed elastically. The near-zero glass strains were due to

its high elastic modulus. Note also that strain is the gradient or rate of change of displacement. Because of the constraint, the material near

the interfaces had very limited movement, resulting in rapidly changing displacements and, thus, high strains there. In contrast, large material
displacements occurred at the top free surface of the restoration, but with very low strains because of the low displacement gradients. As the
gradient of displacement follows the direction of the constraint, the direction of the strain also follows that of the constraint. For example, the
strains close to the cavity floor were more in the vertical direction than in the horizontal direction, as shown in Figure 4B, because the constraint
was mostly in the vertical direction. On the other hand, the strains close to the side walls were more in the horizontal direction than in the vertical
direction, as shown in Figure 4A. Figure 6 shows that the in-plane total direct strains in the restoration for the three tested materials were close
to their volumetric shrinkage strains, which implies that the out-of-plane shrinkage strain was nearly zero and the elastic strain was very small. As
expected, LS produced the lowest in-plane total contraction strain, followed by Z250 and then Z100 (see Materials table).

Tensile strains were clearly seen along the “tooth-restoration” interfaces. The reason for this was that shrinkage of the resin composite tended
to pull material away from the cavity walls and floor. Because the material was constrained, it ended up being stretched, resulting in a tensile
strain. However, the magnitude of the tensile strain calculated may not be accurate due to numerical errors in the derivation of strains from a
rapidly changing displacement field. In the image correlation analysis, only one displacement vector could be obtained in each subset window.
Therefore, the displacement across two adjacent subset windows could appear as a large jump in the displacement curve. When strain was
obtained from the differentiation of displacement, these large displacement jumps could give rise to unrealistically high strain values. Further,
the strain distribution is expected to be discontinuous across the interfaces because of a mismatch in elastic properties. This is also expected
from the abrupt change in the gradient of the displacement at the interfaces. However, as the subsets at the interfaces included both glass and
resin composite, the calculated displacements and strains there were averaged values between the two regions, and therefore appeared to be
smooth. Linear interpolation between values at neighboring discrete sampling points gave the apparent continuity. Higher-resolution images will
be required to improve the accuracy of the strain measurements.
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