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ABSTRACT
A new method has been developed for determining shrinkage forces due to
polymerization of light-cured dental composite resin in artificial cylindrical cavities.
The cavities were fabricated in stainless steel plates, and shrinkage forces were
measured using a load cell inserted in place of the floor of the cavity from the rear of
the plate. The cavities were 3 mm in diameter, and depths varied from 0.5 to 3.5 mm to
study the effect of light intensity. Cavities were filled with a composite resin after being
prepared with a bonding agent and were then irradiated for 20 s with a light-curing unit
at a power of 300 mW/cm?. To study the effects of boundaries, two conditions were
employed: a free surface condition without any restriction on the top surface of the
cavity, and a constrained surface condition in which the top surface of the resin was
bonded to a 1-mm-thick transparent polymethyl methacrylate (PMMA) plate. The
shrinkage forces were measured as functions of time and the cavity depth, and the
following results were obtained. For both conditions, the force increased with time,
mostly during the irradiation stage (20 s) and then increased slightly after the irradiation.
The force measured at 300 s increased gradually with the cavity depth and exhibited a

maximum value before decreasing gradually. The cavities with constrained surfaces



yielded much greater shrinkage forces than those with the free surface condition for any

given cavity depth.
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1. Introduction

Light-cured composite resins are widely used in dental restoration because of their
ease in handling, esthetic appearance and minimal invasion of healthy tooth tissue. The
wide use of composite resin has been prompted by the introduction of new resin
products with good physical and mechanical properties as well as new bonding agents
that adhere strongly to tooth tissue [1,2]. However, contraction stress due to
polymerization shrinkage can reportedly damage or cause defects in the resin restoration
and the tooth structure at the interface between the tissue and the restoration material.
To avoid such damage or defects and to achieve better clinical treatments,
polymerization shrinkage has, therefore, been widely studied using different
experimental methods [3-25]. Feilzer et al. [4] studied the contraction stress observed
when using specimens of composite resin inserted between two disks attached to a load
cell. These experiments suggested that the contraction stress may depend on the ratio of
the bonded area to the free non-bonded area of the specimens. Kinomoto et al. [6] and
Kuroe et al. [10] examined contraction stress in simulated cavities using the

photoelasticity method and reported that the intensity of the contraction stress depends



on the configuration of the cavity. The linear and volumetric shrinkage of composite
resins have been measured using a dial gauge or a non-contact displacement sensor [15-
20], and a dilatometer or gravimeter, respectively [21-23]. The laser speckle method has
also been used to observe the shrinkage behavior of the composite resin [24]. However,
shrinkage behavior in cavities and its relationship to the duration of light irradiation has
not been investigated. Hence, from a clinical viewpoint, clarifying the shrinkage
behavior in cavities generated by the polymerization process is very important.

We explored this issue by measuring the shrinkage behavior of composite resin using
a digital image correlation method [26]. To simulate a clinical condition, cylindrical and
semi-cylindrical cavities in bovine teeth were used to study the shrinkage behavior on
the top free surface and simulated cross section, respectively. The shrinkage
deformations in the cavities filled with the composite resin after preparation with a
bonding agent were measured as functions of time. Several interesting points were
observed concerning the shrinkage behavior. First, the displacement on the top surface
increased and was concentrated near the center of the cavity as the irradiation time
increased. Second, the center of the shrinkage moved gradually from the top surface to
the floor of the cavity. Finally, such a movement of the center occurred mainly during
the early stages of irradiation. We also evaluated the shrinkage behavior in the cavities
using X-ray computerized tomography (CT) images and digital image correlation [27].
CT images captured before and after light curing by irradiation were recorded using
fillers containing an X-ray contrast agent. The displacement distributions in the cavity

were determined by applying a three-dimensional (3-D) alignment algorithm, and we



examined the shrinkage behavior of the resin to better understand the stress relaxation
due to resin flow. The results showed that a large deformation was caused on the top
free surface of the cavity, suggesting that this surface deformation can reduce the
contraction stress or shrinkage force at the interface between the resin and the tooth
structure.

This study examined the shrinkage force of a light-cured composite resin during
polymerization using a load cell and cylindrical cavities fabricated in stainless steel
plates. The cavities were made by inserting a load cell in place of the floor of the cavity,
and various cavity depths were studied to investigate the effect of light intensity. The
composite resin was poured into the cavity after spreading a bonding agent. The
shrinkage forces were measured as functions of time and the cavity depth. As a
reference, we also studied the shrinkage force under constrained surfaces by bonding

the top surface of the resin to a transparent polymethyl methacrylate (PMMA) plate.

2. Materials and methods
The composite resin and the bonding agent used in this experiment were CLEARFIL
AP-X and CLEARFIL tri-S BOND , respectively, supplied by Kuraray Medical Ltd.
This material is a cross-linked acrylic resin composed of about 85 wt.% of inorganic
powders and fillers. The relative compositions of these materials are listed in Table 1.
Figure 1 (a) shows a schematic diagram of a special device used to measure
shrinkage forces that utilizes the lower half of a compact tensile testing machine

constructed by the authors. This device consisted of a load cell for measuring the



shrinkage force, a stainless steel rod for connecting the load cell to the composite resin
in the cavities, and a crosshead for mounting a stainless steel plate within the cavity.
The steel plate was rigidly clamped on the upper part of the crosshead, which was able
to move vertically.

Figure 1(b) shows the configuration for measuring the shrinkage force during the
polymerization. Cylindrical cavities were constructed with a 5-mm-thick stainless steel
(SUS304) plate with a hole 3 mm in diameter, and a stainless steel rod 2.9 mm in
diameter that was inserted from the backside of the plate. We used this metal because it
adheres readily to the composite resin. To study the effect of the light intensity on the
cavities, we varied the depth of the cavities from 0.5 to 3.5 mm, shifting the location of
the crosshead. Two boundary conditions of the cavities were employed: one a free
surface condition without any restriction on the top surface of the cavity, and the other a
constrained surface condition in which the top surface of the resin was bonded to a 1-
mm-thick transparent PMMA plate. PMMA was used because it has similar properties
to the composite resin and adheres readily to it.

The specimens were prepared using the following procedures: (i) the bonding agent
was applied to the cavities after cleaning with ethanol, (ii) the cavities were irradiated
for 10 s using a light-curing unit (Morita; JETLITE 3000) with a power of 300 mW/cm?,
(iii) the composite resin was then poured into the cavities and its surface was ground flat.
Under the free surface condition, the resin was irradiated with light directly, whereas
under the constrained surface condition, a 1-mm-thick transparent PMMA plate with the

bonding agent was placed on the top surface of the cavity and the light was irradiated



through the plate. In this experiment, the top surface was irradiated for 20 s at 10-mm
from the light source, as is a common procedure in clinical practice. The shrinkage

force was recorded over a 300-s period from the beginning of the irradiation.

3. Results

The shrinkage force P due to the polymerization was determined as a function of
time t using the testing machine (see Fig. 1). Figure 2 shows three P-t diagrams for
different cavity depths h under the free surface condition. P for h=0.8 mm increased
greatly during the irradiation stage (20 s), and then slightly increased with t after the
irradiation, resulting in P=7.5 N at t=300 s. P for h=2.1 mm showed a steep increase
compared to P for h=0.8 mm and yielded P=32 N at t=300 s, while P for h=2.4 mm
decreased than P for h=2.1 mm. The experimental data that exhibited noticeable
decreases in P following irradiation were not included due to damage or defects at the
interface between the resin and the cavity.

Figure 3 plots the shrinkage force P™ determined at 300 s after the start of the
irradiation as a function of the cavity depth h. The value of P” increased with h, reached
its maximum value, and then decreased. Although there was scattering of the data, P~
showed a maximum value (32 N) around h=2.1 mm.

Figure 4 shows three P-t diagrams for different cavity depths h under the constrained
surface condition. Similar to the free surface condition, P increased abruptly during the
irradiation stage (20 s) and then gradually increased with t after the irradiation. As h

increased from 0.7 to 1.3 mm, P increased greatly, whereas P decreased significantly



for h=2.5 mm, resulting in a similar situation to the free surface condition. However, P
under the constrained surface condition yielded much larger values for a given depth.
Figure 5 shows the shrinkage force P at 300 s as a function of the cavity depth h.
Similar to the result in Fig. 3, P” increased with h and then decreased. The maximum
value of P”in Fig. 5 was about 70 N at approximately h=1.6 mm. This result indicated
that the maximum value under the constrained surface condition was much greater than
that observed under the free surface condition, and that the cavity depth which gave the

maximum P value in Fig. 5 was attained earlier than that in Fig. 3.

4. Discussion

Figure 6 shows the comparison between two results determined under free and
constrained cavity surfaces to study the effect of boundary conditions. As described
earlier, the shrinkage force is much larger under the constrained surface condition for a
given cavity depth. This suggests that the constrained surface decreases the flow of the
resin from the top surface into the cavity and then caused displacement of the load cell
resulting in a greater force. Therefore, the flow of the resin from the top surface into the
cavity can decrease the contraction stress near the cavity floor. This result positively
suggests that we can control the contraction stress at the interface between the resin and
tooth structure, thereby minimizing interfacial damage or defects in the cavities.

The cavity depth giving the maximum P value in the constrained surface condition

was smaller in comparison to that in the free surface condition. This shift can be



understood if one consider the attenuation of light intensity in the cavity due the PMMA
plate on the top surface resulting in a lower degree of polymerization for a given depth.

In this experiment, a stainless steel rod connected to the load cell was inserted as a
cavity floor before the shrinkage force of the resin was determined (see Fig. 1).
However, the shrinkage force can deform the steel rod and the load cell and this
deformation can also affect the force itself measured by the load cell. Hence, it is
important to understand the influence of the modulus of the cavity floor, which was
examined in this study using the force P and displacement & diagrams. Figure 7 shows
P-& diagrams for the steel rod (line OA), for the load cell (line OB), and for both (line-
OC). In this analysis, we employed the maximum load (P=70 N) determined under the
constrained surface condition, and the corresponding displacement (6=3.1um) was
estimated from the elastic moduli of the rod and the load cell. The modulus of the
testing machine was disregarded because it had a much greater stiffness than the rod
and the load cell.

The effect of the shrinkage force on the displacement of the cavity floor was
examined using the P-& diagrams in Fig. 7. In this analysis, we assumed that the cavity
floor displaced & upward due to the shrinkage force P (see Fig. 1), and we evaluated a
virtual force required to move the cavity floor back to its original position 6=0. The
following procedures were used: (i) the line OC was rotated around line 8C, and point
&’(=20) was determined, (ii) the intersection C' between the vertical line from point &’
and the extension of line OC was determined, (iii) and this intersection was used to

determine a force corresponding to the displacement =0 of the resin. This limit value



of the shrinkage force is double the measured value of that under the restricted surface
condition if the cavity floor is completely rigid. This indicated that the shrinkage force
at the cavity floor of a tooth structure with a finite modulus is always smaller than the
limit value. Hence, this suggests that contraction stress can be decreased in clinical
practice if a resin with a low modulus is laminated on the cavity floor before a high

modulus resin is poured into the cavity.

5. Conclusions

The shrinkage force resulting from the polymerization of a light-cured composite
resin was measured using a load cell and artificial cylindrical cavities. To study the
influence of the light intensity, we constructed cavities 3 mm in diameter with varying
depths of 0.5 to 3.5 mm. The resin was poured into the cavity after spreading a bonding
agent. The shrinkage force was measured as functions of time and the cavity depth. As a
reference, we also measured the shrinkage force under constrained surfaces bonded to a
transparent PMMA plate, and the following results were obtained:
(1) The shrinkage force increased greatly during the irradiation stage and slightly
increased following the irradiation.
(2) The shrinkage force P” determined at 300 s increased, reached its maximum value,
and then decreased as the cavity depth increased.
(3) Under the constrained surface condition, the shrinkage force P” for a given depth

was much greater than that observed under the free surface condition.



(4) The cavity depth giving the maximum P”was less under the constrained surface

condition.
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Figure captions

Fig. 1. Testing machine and surface conditions of cavities. (a) A schematic diagram of a special device for

the shrinkage force measurement. (b) Free and constrained surface conditions for cavities.

Fig. 2. The shrinkage force P as functions of time and cavity depth under the free surface condition.

Fig. 3. The shrinkage force P* after 300 s as a function of cavity depth under the free surface condition.

Fig. 4. The shrinkage force P as functions of time and cavity depth under the constrained surface condition.

Fig. 5. The shrinkage force P* after 300 s as a function of cavity depth under the constrained surface

condition.

Fig. 6. The shrinkage force P* under the free and constrained surface conditions.

Fig. 7. Force P and displacement 5 relationship for the testing machine.

Table

Table 1
The light-cured composite resin and the bonding agent used in this study.

Product name Material Conformation Composition
monomer (Bis-GMA, TEGDEMA)
filler (glass powder, silica micro filler), etc.
monomer (Bis-GMA, MDP, HEMA)

kuraray CLEARFIL AP-X resin past

kuraray CLEARFIL tri-S BOND  bonding agent  liquid
ethanol, water, etc.
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