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Abstract: The objective was to compare the strain of three calcium silicate cements using an optical
system based on the 3D digital image correlation method (3D-DIC). Dentine disks from 30 upper
premolars were sectioned transversely to obtain 2 mm-thick sections and enlarged with a 4 mm
diameter bur. An additional 30 samples were made in Teflon molds (4 × 2 mm). Dentine discs
and Teflon molds were divided into three groups with ten samples each and then filled with MTA+
(Cerkamed), Biodentine (Septodont) and Well-Root PT (Vericom). The strain was determined using
the 3D-DIC method in two zones: the peripheral and central zones. Data were analyzed using ANOVA
with Scheffe’s post hoc test, a paired t-test and Pearson correlation (α = 0.05). Analysis showed that
there were significant differences in the values of deformation between all tested materials in both
zones. Comparing the strain in both zones, there were significant differences between zones in the
Biodentin and Well-Root PT group on dentine discs, and in the Biodentine and MTA group on Teflon
discs. Comparing the strain measured on different disc types, the higher values were found on Teflon.
All the examined calcium silicate-based cements showed deformation after initial setting. The highest
strain was recorded for Biodentine and the lowest was for Well-Root PT.

Keywords: strain; deformation field; calcium silicate; image processing; three-dimensional; digital
image correlation method

1. Introduction

During endodontic treatment, as a result of the complex anatomy of the root canal
system [1], procedural mistakes, such as perforation of the pulp chamber walls in coronal
and intraradicular areas, can often occur [2,3]. With the interruption of the continuity of
the dentine walls and the damage to cement tissue, contact is made with the periodontium.
Frequently, the therapeutic outcome of these complications is unsuccessful and leads to the
extraction of the tooth [4,5].

Therapeutic success depends on multiple factors: the localization of the damage,
the size of the damage, the time elapsed since the occurrence of the perforation and the
properties of the repairing material [6,7]. The recommendation is to close the defect as soon
as possible to prevent bacterial contamination and the extrusion of infected dentin during
treatment or filling material during retreatment [8,9].

Materials that are used for this purpose should provide firm sealing, lowering the
probability of local inflammation, and also should promote periradicular tissue regenera-
tion. Thanks to its positive properties such as its biocompatibility, bioactivity and the ability
to achieve a good marginal seal in a moist environment, mineral trioxide aggregate (MTA)
is one of the most frequently used materials for perforation repairment [10]. By mixing
components of MTA, the result is a material of sandy consistency, difficult to manipulate,
which has a long setting time and the potential for tooth discoloration [11]. The advance-
ment in material properties in order to achieve higher clinical success has brought new
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formulations to the market. One of them, a material from a group of calcium silicate-based
cements, is Biodentine (Septodont, Saint-Maur-des-Fosses, France). The main elements
of this powder are tricalcium silicate, zirconium oxide and calcium carbonate. The liquid
portion is a mixture of water, calcium chloride (setting accelerator) and a hydrosoluble
polymer. The advancement in the basic components has brought a faster setting time
with a low water to powder ratio [12], higher compression and flexural strength of the
material [13] and extraordinary bioactivity [14]. Materials based on calcium silicate, which
are a combination of powder and a liquid, such as MTA and Biodentine, belong to the
hydraulic type of cement; materials that set by a hydration reaction [15]. Premixed calcium
silicate-based cements supplied in a syringe in the form of a paste are also available. These
cements need water from their surroundings for the process of hydration, because they are
not mixed with water [16]. These premixed cements have a simplified application. One
such cement is the radiopaque material based on calcium aluminosilicate, Well-Root PT
(Vericom, Chuncheon-si, Korea). Studies have shown that this material possesses high
antibacterial activity, forms phosphate crystals in phosphate-buffered saline (PBS) and has
a solubility comparable to MTA and Biodentine [17]. There are no available studies in the
literature on other physical or chemical properties of this cement, which would contribute
to better application of this material in dentistry.

Materials placed in the defect zone are exposed to environmental influences (tissue
fluid, blood and products of bacterial metabolism) and the effect of canal irrigants during
endodontic treatment. The unfavorable effects of these factors cause the inability of the
material to adequately set, the change in material properties (microhardness and bond
strength) [18–20] and changes in the surface chemical structure [21]. Good marginal
adaptation [22] and the ability to withstand the dislodging forces, which lead to marginal
gap formation [23] and bacterial leakage [24], are necessary properties of materials for
perforation repair. Different degrees of dimensional changes lead to formation of gaps and
voids of different volume [25].

Changes in material dimensions have been measured in previous studies using a linear
variable transducer [26] and scanning electron microscopy (SEM) [27]. Recent research has
uses micro-computed tomography (µCT) to analyze dimensional stability, porosity and
estimate the size and character of pores present in the material [28]. Although this method
is accurate and reliable, it takes more time, especially if the change is observed during a
certain time interval [29]. A three-dimensional (3D) optical system based on the digital
image correlation (DIC) method is a new method that has been used for the evaluation
of strain on the surface of the material. It is a noninvasive, noncontact optical method,
based on digital image correlation for deformation analysis of local fields. The DIC method
has been widely used from testing process equipment and defining new geometries of
test samples to developing dental models for experimental research [30–33]. Application
of this method in dentistry has proven to be very useful in analysis in the bone denture
complex [34].

The aim of this research was to determine, analyze and compare the strain of three cal-
cium silicate-based materials: MTA+ (Cerkamed Company, Stalowa Wola, Poland), Bioden-
tine (Septodont, Saint-Maur-des-Fosses, France) and Well-Root PT (Vericom, Chuncheon-si,
Korea) during setting time, using an optical system based on the 3D digital image correla-
tion method (3D-DIC).

2. Materials and Methods

Determination of the strain fields that occurred during the setting time of the tested
cements was performed using the 3D optical system Aramis 2M (GOM, Braunschweig,
Germany). The measuring system recorded the image of the tested object with the help of
two high-resolution cameras (1600 × 1200 pixel resolution, 1µm displacement sensitivity
and 12 Hz maximum frame rate) that provide images for 3D measuring (Figure 1). Auto-
matic measurements can be performed thanks to a previous system calibration. Calibration
was performed by using the calibration panel according to the volume of the measured ob-
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ject or according to the dimensions of the specimen surface. By adjusting the frequency and
time intervals of recording, the resulting series of images were analyzed for determining
displacement, which was used to calculate the surface strain of the object.
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Figure 1. Scheme of the experimental set-up. (A) Cameras, (B) Dentin/Teflon mold, (C) Sample,
(D) Glass plate and (E) Sample holder.

In this research, 30 intact upper premolars, extracted due to orthodontic reasons,
were used. Teeth were cleaned of debris, and kept in 0.02% chloramine solution for one
month prior to the experiment. The use of extracted teeth in this research was approved by
the Ethical Board of the Faculty of Dentistry in Pančevo (reference number 1139/2-2022).
Dentine disks were sectioned transversely from the middle third of the tooth crowns,
in order to obtain 2 mm-thick sections. In each section, the central space was enlarged
with a 4 mm diameter cylindrical diamond bur to obtain standardized cavities within
each disc. Dentine discs were divided into three groups with ten samples each, and then
filled with MTA+ (Cerkamed Company, Stalowa Wola, Poland), Biodentine (Septodont,
Saint-Maur-des-Fosses, France) or Well-Root PT (Vericom, Chuncheon-si, Korea). Materials
were prepared according to the manufacturer’s instructions. An additional ten samples
of each cement were made within ring-like Teflon molds of 4 mm diameter and 2 mm
height. The samples were placed on a wet cotton gauze. The upper surface of each
specimen was sprayed with a thin layer of matte white and matte black spray and dried
within 10–20 s (Figure 2). In this way, a field of contrast was created, which allowed the
specialized software Aramis 6.2.0 (GOM, Braunschweig, Germany) to more easily track
the surface points. The software automatically defined the reference coordinate system
and recorded reference points on the surface by assigning coordinates to them. Each
change was compared with the previous pictures in the sequence by using the digital image
correlation method (DIC). Collecting digital images began immediately upon the placement
of materials and continued automatically every five seconds. Three sections were observed
on each specimen. The first section was circular, positioned on a peripheral segment of
each sample (SO). The remaining two sections were linear, positioned perpendicularly to
each other and they measured the central deformation (SS). The sections were obtained
according to the locations of the largest measured deformations in the selected regions.
Software analysis of the images was used to determine the von Mises strain (%). The
period of imaging for each material was chosen in accordance with the manufacturer’s
predetermined setting time. Biodentine offers an initial setting time of 12 min. The setting
time of Well-Root PT is within ten minutes. MTA+ cures for six to ten minutes after mixing
with water.



Appl. Sci. 2023, 13, 1633 4 of 14

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 14 
 

setting time of Well-Root PT is within ten minutes. MTA+ cures for six to ten minutes after 

mixing with water. 

 

Figure 2. Sprayed samples. 

Results obtained in this experiment were analyzed using the IBM SPSS Statistics 25 

program (IBM, Armonk, NY, USA). Nested (hierarchic) ANOVA was used for testing the 

differences between the means of the three cements. The Scheffe post hoc test was used 

after significant F-statistic determination in ANOVA, to find out which pairs of means 

were significantly different. In order to look for significant differences between means of 

SS and SO, the paired t-test was used. Pearson correlation analysis was used to determine 

if there was a linear relationship between the values of deformation in both measured 

zones for each material group. For testing the differences between the deformation of dif-

ferent disk types (dentin/Teflon) in both zones of each material group, analysis of variance 

(ANOVA) was used. 

3. Results 

Figures 3–5 shows the representative images of the von Mises strain across the sur-

face of each material of dentine disc. 

 

  

Figure 3. Display of Biodentine deformation fields across the samples on dentine discs, showing 

peripheral zones with higher and central zones with lower strain values. The color scale indicates 

different strain values, with the highest marked in red and orange. Some of the recorded reference 

points are shown as stage points 0 and 1. 

 

Figure 2. Sprayed samples.

Results obtained in this experiment were analyzed using the IBM SPSS Statistics
25 program (IBM, Armonk, NY, USA). Nested (hierarchic) ANOVA was used for testing
the differences between the means of the three cements. The Scheffe post hoc test was used
after significant F-statistic determination in ANOVA, to find out which pairs of means were
significantly different. In order to look for significant differences between means of SS and
SO, the paired t-test was used. Pearson correlation analysis was used to determine if there
was a linear relationship between the values of deformation in both measured zones for
each material group. For testing the differences between the deformation of different disk
types (dentin/Teflon) in both zones of each material group, analysis of variance (ANOVA)
was used.

3. Results

Figures 3–5 shows the representative images of the von Mises strain across the surface
of each material of dentine disc.

Comparing the results measured on dentine discs, according to nested ANOVA,
significant differences were found between all three materials, both centrally (SS) (F = 19.90;
P < 0.0001) and peripherally (SO) (F = 18.69; P < 0.0001), as illustrated in Table 1.
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Figure 3. Display of Biodentine deformation fields across the samples on dentine discs, showing
peripheral zones with higher and central zones with lower strain values. The color scale indicates
different strain values, with the highest marked in red and orange. Some of the recorded reference
points are shown as stage points 0 and 1.
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Figure 4. Display of MTA deformation fields across the samples on dentine discs, showing peripheral
zones with higher and central zones with lower strain values. The color scale indicates different
strain values, with the highest marked in red and orange. Some of the recorded reference points are
shown as stage points 0, 1 and 2.
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Figure 5. Display of Well-Root PT deformation fields across the samples on dentine discs, showing
peripheral zones with higher and central zones with lower strain values. The color scale indicates
different strain values, with the highest marked in red and orange. Some of the recorded reference
points are shown as stage points 0 and 1.

Table 1. Nested ANOVA analysis of significant differences between the materials and dentine discs
in the central (SS) and peripheral (SO) zones.

Trait Source of Variation Degrees of Freedom, dF Mean Square, MS F-Value P-Value

SS
Material 2 449.684 1422.34 <0.0001

Disc (Material) 12 6.291 19.90 <0.0001

SO
Material 2 509.957 826.61 <0.0001

Disc (Material) 12 11.533 18.69 <0.0001

The mean values of the von Mises strain of different materials on dentine discs are
shown in Figure 6. The highest values of strain were measured in the Biodentine group
in both zones. The lowest values of the von Mises strain were measured in the Well-Root
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PT group in both zones. The Scheffe post hoc test showed that there were significant
differences in the values of deformation between all tested materials in the central zone, as
well as in the peripheral zone (Figure 6).
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Figure 6. Bar chart shows mean values of von Mises strain in both zones, central (SS) and peripheral
(SO), measured on dentine discs. Significant differences in the central zone are marked with different
upper-case letters and those in the peripheral zone are marked with different lower-case letters.

Figures 7–9 are representative images of the von Mises strain across the surface of each
material on Teflon discs.

The nested ANOVA showed that there were significant differences between tested
materials on the Teflon discs in the central zone (SS) (F = 13.96; P < 0.0001), as well as in the
peripheral (SO) (F = 8.35, P < 0.0001), as illustrated in Table 2.

The mean strain values measured on the Teflon discs are shown in Figure 10. The
highest value of strain was within the MTA group in the peripheral zone, while the lowest
value was in the Well-Root PT group in the central zone. According to the Scheffe post hoc
test, there was a significant difference between all three materials in both measured zones
(SS and SO) (Figure 10).

Comparing the strain of central and peripheral sections within all groups of materials,
higher strain values were measured peripherally. The paired T-test revealed significant
differences between zones in Biodentin and Well-Root PT group on dentine discs, and in
Biodentine and MTA group on Teflon discs (Table 3).
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Figure 7. Display of Biodentine deformation fields across the samples on Teflon discs, showing
peripheral zones with higher and central zones with lower strain values. The color scale indicates
different strain values, with the highest marked in red and orange. Some of the recorded reference
points are shown as stage points 0, 1 and 2.
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Table 2. Nested ANOVA analysis of significant differences between the materials and Teflon discs in
the central (SS) and peripheral (SO) zones.

Trait Source of Variation Degrees of Freedom, dF Mean Square, MS F-Value P-Value

SS
Material 2 35.044 287.94 <0.0001

Disc (Material) 15 1.698 13.96 <0.0001

SO
Material 2 25.628 49.11 <0.0001

Disc (Material) 15 4.355 8.35 <0.0001
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Figure 10. Bar chart shows mean values of von Mises strain in both zones, central (SS) and peripheral
(SO), measured on Teflon discs. Significant differences in the central zone are marked with different
upper-case letters and those in the peripheral zone are marked with different lower-case letters.

Table 3. Results of paired T-test for differences between two measures zones (SS and SO) for three
materials in dentin and Teflon.

Material Difference Degrees of
Freedom, dF t-Value Pr > ItI

Biodentine–dentin SS-SO 276 14.76 <0.0001
MTA–dentin SS-SO 265 −0.96 0.3389

Well-Root PT–dentin SS-SO 248 11.62 <0.0001
Biodentine–Teflon SS-SO 323 44.09 <0.0001

MTA–Teflon SS-SO 340 3.460 0.0006
Well-Root PT–Telfon SS-SO 282 0.05 0.9633

Comparing the strain measured on different disc types (dentine/Teflon), ANOVA
revealed significant differences in both zones in each material group. In MTA and Well-Root
PT groups, higher values were found with Teflon, whilst in the Biodentine group, higher
values of strain were measured with dentine discs within both measured zones (Table 4).

Table 4. ANOVA analysis of differences between two different disc types (dentine and Teflon) for
each material group (Biodentin, MTA and Well-Root PT).

Trait Source of Variation Degrees of
Freedom, dF

Mean Square,
MS F-Value P-Value

Biodentin SS Dentin/Teflon 1 376.120 720.15 <0.0001
Biodentin SO Dentin/Teflon 1 517.951 501.16 <0.0001

MTA SS Dentin/Teflon 1 12.266 65.55 <0.0001
MTA SO Dentin/Teflon 1 27.120 50.70 <0.0001

Well-Root PT SS Dentin/Teflon 1 2.756 43.27 <0.0001
Well-Root PT SO Dentin/Teflon 1 41.560 133.22 <0.0001

Significant positive correlations between the deformation in the central and peripheral
zones (SS and SO) were found in each of the used materials and on both disc types. For all
the materials and both disc types, the correlation was very high. The values of Pearson’s
correlation coefficient were higher than 0.8, except for in the case of Well-Root PT–Teflon,
whose value was smaller (r = 0.4) (Table 5).
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Table 5. Pearson’s correlation coefficient between mean values of central and peripheral zones (SS
and SO) in three groups of materials and on both disc types.

Material Disc Type Pearson’s Correlation
Coefficient Between SS and SO P-Value

Biodentin Dentin 0.85721 <0.0001
Biodentin Teflon 0.86110 <0.0001

MTA Dentin 0.85084 <0.0001
MTA Teflon 0.83248 <0.0001

Well Root PT Dentin 0.91626 <0.0001
Well Root PT Teflon 0.40571 <0.0001

4. Discussion

In this research, a 3D optical system based on the digital image correlation method
was used for the evaluation of dimensional changes on the surface of a material during
setting time. Strain is the quantity that is used to reflect deformation. Von Mises strain was
chosen as it represents an index combining the principal strain at any given point at which
strain occurring on the X-, Y- and Z-axis will cause failure [35]. This system is able to read a
broad spectrum of micro-changes on the tested surfaces, it is simple to perform and it can
be repeated. Following the full-field strain measurement, a 3D image is made of the whole
field of deformation and the zones of greatest changes are clearly visible [36].

The time period during which the dimensional changes are analyzed is the setting
time specified by the manufacturer’s instructions. The setting time is defined as the length
of time for a material to transition from a fluid state into a hardened state [37]. The goal
of this research was to record dimensional changes during and immediately after setting.
Considering that the microhardness [38] and bond strength to dentin [39] of MTA and
Biodentin are similar, and that, according to the micro-CT findings in [40], MTA and
Biodentin show a comparable result in terms of their internal adaptation on the dentin
surface, then the degree of dimensional stability of materials could indicate the reliability of
the adherent sealing of the chosen material. During the setting time, dimensional changes
and deformation of the material occur [41], on which canal irrigation agents could have a
negative impact [42].

In this research, the results showed a significant difference in deformation between
all tested materials in the central and peripheral sections of the dentine discs. The highest
deformation was measured in the Biodentine group and the lowest deformation was in the
Well-Root PT group in both zones.

Previous research on the dimensional changes of calcium silicate materials showed
that particle size has an effect on the expansion of cements during the setting time. Well-
Root PT has the smallest particle size (5 µm to 30 µm) and therefore less dimensional
changes are expected [43]. White MTA also has a small particle size (73% of it is in the
range of 6–10 µm), and therefore has less hygroscopic expansion during the setting of the
material [44–46]. Material expansion is related to water uptake [46,47]. It does not occur in
cements immersed in oil [46]. Additionally, 90% of specimens of dry MTA powder inside
root canals had hardened simply by the absorption of water through the root surface within
72 h [48].

The lower values of von Mises strain of Well-Root PT could be explained by the fact
that the material is premixed, injectable and its putty consistency significantly improves its
handling characteristics. As a result of the better manipulation ability, a better adaptation
of the material to the walls of the perforation cavity can be expected, which will have an
effect on the sealing ability of the material. Well-Root PT material is based on tricalcium
silicate and it includes zirconium oxide, calcium aluminosilicate and a thickening agent.
The presence of aluminosilicate in the powder provides a more rapid setting compared
to calcium silicate. There are few published data related to the properties of this material,
but there are several studies concerning Well-Root ST sealer from the same manufacturer
and based on the same basic components. Well-Root ST demonstrated less microleakage
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in comparison with other canal sealers. The size of the cement particles ranged from
5 to 30 µm and it does not shrink upon setting [43,49]. Well-Root PT showed alkaline pH,
biomineralization properties and had comparable solubility in comparison to Biodentine
and MTA [17]. The contact angle indicates the capability of the material to wet the dentin
surface or the ability to achieve good adhesion. Research has shown that contact angles,
investigated after 10 s, for Biodentin and Well-Root PT were 15◦ and 9◦, respectively [17].
That implies that the bond of Well-Root to dentin could be more favorable than the bond
created between Biodentine and dentin.

On the other hand, scanning electron micrographs of the hydrated cements, Biodentine
and MTA, showed that Biodentine has more pronounced hydration kinetics. Concerning
Biodentine, the particles of tricalcium silicate are smaller than those in MTA, it has a
larger specific surface area and a significantly denser and finer consistency is achieved
by intermixing the hydration products [50]; therefore, dimensional changes should be
less. The highest strain measured in this study was for Biodentine, which could be a
result of adding CaCl2. This is added in order to accelerate the setting reaction, but
its presence increased the osmotic potential and the material expansion. An additional
contributing factor to this result could be a more pronounced advancement in the hydration
reaction, during which there was not enough moisture [48,51,52]. By placing a wet gauze
underneath the sample, researchers tried to replicate real conditions during the closure
of the perforations. In previous research, Camilleri et al. illustrated that Biodentine,
even though it has low porosity, showed a tendency towards creating cracks within the
material, as well as at the interface with the dentin wall in dry conditions [53]. These
results are in agreement with research performed by Askel et al.; MTA did not show any
dimensional changes, while Biodentine demonstrated shrinkage and crack formation in
dry conditions [54]. According to these authors, in wet conditions, ProRoot MTA expanded
by 0.41% and 0.17% on the 3rd and 28th day, respectively, while Biodentine expanded
by 0.85% and 1.44%. The more pronounced expansion of Biodentine is attributed to the
higher concentration of liberated Ca2+ ions and the accumulation of hydroxyapatite on the
surface of the material. When observing the peripheral section, the greatest deformation
was recorded in Biodentin samples, which could be caused by the hydrostatic tension due
to shrinkage, which separated the material from the surface of dentin walls [53].

Within each group of materials, the difference in the strain between the central and
peripheral zone was evaluated. A significant difference was shown between the samples
of Biodentine and Well-Root PT on the dentine discs, as well as between Biodentin and
MTA on the Teflon discs. Higher values of deformation were measured in the peripheral
zones in all tested materials. Similar results were obtained by other authors concerning
Biodentine on Teflon, with the highest deformation in the peripheral zone [55]. Worse
results peripherally could be explained by the dynamic changes in the material interface
zone with dentin or Teflon. A Pearson correlation analysis showed that a positive correlation
between deformation of the central and peripheral zones is present in all groups, which
could point to the homogenous structure of the cements. The lack of phosphates, as well as
lack of a period of dimensional change examination in this research, limits the bioactivity
effects of calcium silicate cements on sealing ability. In the examined moment, all the
materials adhere to the walls macromechanically thanks to the micro-roughened surface of
the dentin samples, the presence of moisture within dentinal tubules, along with the moist
base on which the samples were placed. Investigations using micro-CT for evaluating void
structures of MTA and Biodentin showed the presence of smaller voids evenly distributed
throughout the specimen. Large voids with a radius of >35 µm were concentrated in the
upper part of the specimen and at the interface [56]. The interface of the material with the
dentin wall is of large clinical significance, and research has shown that precisely that kind
of connection is the weak point in the material.
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Results of this study showed that a significant difference exists between the values of
deformation on Teflon and dentine discs, and that the values of deformation are higher on
Teflon discs in samples of MTA and Well-Root PT. Teflon is a material that has a low surface
free energy (SFE) and high values of contact angle (116.986◦ ± 5.02 for water). This makes
it difficult to bond to, and therefore it can be characterized as a hydrophobic material [57].
On the other hand, with the advancement in hydration reactions, the hydration products
will fill the gaps between the unhydrated cement grains [58], which contributes to a better
adaptation of the material to dentin. The release of Ca2+ ions during and after the setting
time in an environment rich in phosphates leads to the formation of hydroxyapatite crystals,
the formation of which strengthens the bond between the material and the surface of tooth
tissue by forming tag-like structures within dentinal tubules [59]. MTA constantly induces
the initial precipitation of amorphous calcium phosphate after setting, resulting in the
formation of a tag-like structure at the interface between the cement and the canal wall [56].
We are not able to claim that this degree of deformation and dimensional change has clinical
significance, additional research will be needed to make that conclusion. The limit of this
study is that the deformation fields were observed on the surface of the sample.

5. Conclusions

Within the limits of this study, all the examined calcium silicate-based cements showed
dimensional change and deformation during the setting time. After the clinical application
of immediate perforation repair, this deformation, especially in the peripheral section,
could contribute to compromising marginal sealing. The highest strain was recorded in the
Biodentine group and the lowest was in the Well-Root PT group.
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