Direction of shrinkage of light-curing resin composites
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It is occasionally stated in the dental literature that light-curing resin composites shrink towards the light
source. As light travels at the speed of light, this dictum is not obvious. It was the purpose of the present
study to investigate the direction of shrinkage of a light-curing resin composite in relation to the
attachment and the thickness of the material. The resin composite was applied in cylindrical brass molds in
such a manner that a flash, serving as attachment, was produced at one side of the specimens, while the
material was flush with the mold at the other side. The specimens were now irradiated from either the flash
or the flush side, and the convexity or the concavity of the specimens was measured. At a material thickness
of 3 mm, the shrinkage was towards the light source, irrespective of the position of the flash. At 4 and 5 mm
thickness of the molds, the direction of shrinkage could be directed towards or away from the light source,
depending on the position of the flash. The number of light quanta emitted from the light source and
passing through the material was compared with the number of molecules of camphorquinone present in a
resin composite of 3, 4, or 5 mm thickness. It was concluded that under the conditions of the present study,
the direction of shrinkage was the result of an interplay between the direction of the light, the attachment
of the material, and the thickness of the material. I Blue light; light quanta; polymerization kinetics
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It is occasionally stated in the dental literature that light-
curing resin composites shrink towards the light source,
while so-called chemically-curing resins shrink towards the
center of mass (1-3). There is very little evidence to
support the statement as regards the light-curing materials;
this has been considered as self-evident. The concept has
been the basis of recommendations for certain procedures
in clinical practice, procedures according to which the
direction the light is shone from is thought to be of
significance in minimizing gap formation and maximizing
bond strength to dentin and enamel (1, 2, 4, 5). However,
a recent theoretical study questions this concept, conclud-
ing that the direction of shrinkage of a light-curing
composite i1s determined predominantly by cavity shape
and bond quality (6).

As light (obviously) travels at the speed of light, in a very
short time the curing resin composite should be saturated
by the curing light, and the direction the light is supplied
from would seem to be of no importance. The resin
material would not “know” in which direction to shrink.
However, as light intensity decreases through depth, the
state of saturation would depend on the number of light
quanta emitted from the light source, and on the number
of initiator molecules per volume traversed by the light.
This would imply that at small thickness of material, the
shrinkage of the resin composite would have no relation to
the direction of the light, and would be directed towards
the site of greatest attachment. Only at a material
thickness above a certain level would the material shrink
towards the light source. In general, the depth of
penetration of light into a resin composite depends on
type and amount of filler, as well as on particle size and
distribution (7). Besides these factors, the critical thickness

of material would depend on the intensity of the light
source and on the number of initiator molecules per
volume of resin composite.

It was the purpose of the present study to investigate the
direction of shrinkage of a light-curing resin composite in
relation to the attachment and the thickness of the
material. It was hypothesized that the attachment would
play a role and, superposed on this influence, a tendency
would be present that at small thickness of material the
direction of shrinkage would be independent of the
direction of the light, and only at a large thickness would
the shrinkage be towards the source of the light.

Materials and methods

The light-curing resin composite was Z100 of shade A3
(3M Company, St. Paul, MN, USA). A ring-shaped brass
mold (outer diameter =20 mm, inner diameter = 6 mm)
was placed on a transparent matrix band and filled with
excess of the resin composite. The top surface was covered
with another strip of matrix band and the sample
compressed between the plane metal plates of a paralleling
device for about 5 s. The metal plates aimed at ensuring
plane and smooth surfaces of the resin composite before
polymerization, and were removed at the end of the
compression period. In this manner, the lower part of the
resin composite was confined within the mold, flush with
the surrounding mold surface, whereas the upper part of
the composite gave rise to the production of a flash (Fig. 1).
The flash was intended to act as the site of greatest
attachment of the polymerizing material. The inner walls
of the mold would provide an attachment that was not
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Fig. 1. Mold used to prepare the specimens. After being applied into
the mold in small excess, the resin composite was covered with a
transparent matrix band. A flash was produced with a paralleling
device (not shown). The resin composite was now irradiated from
either the flash side, or the opposite side, the flush side.

related to the one or the other side of the mold. With close
contact between matrix band and light-tip (diameter =
8 mm), the assembly was now irradiated for 40 s with the
curing lamp Visilux 2 (3M Company, St. Paul, MN, USA).
The curing lamp gave maximum response in less than a
second when the light intensity was tested with the
radiometer CL-tester (CDB, Huddinge, Sweden), and
resulted in a complete cure of the resin material. In one
series, the irradiation took place from the side of the flash
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and in another series the irradiation was performed from
the side having no flash—the flush side. In this manner,
the site of greatest attachment was either the side of the
mold closest to the light source or the side opposing the
light source, depending on the position of the flash. The
attachment provided by the flash when the specimen was
irradiated from the flush side would stem from the
material in the immediate vicinity of the hole polymerized
by diffused light, even though not directly irradiated.
Three series of molds were used, 3, 4, and 5 mm,
respectively, in height. After the irradiation, the matrix
bands were removed and the specimens (resin composite
and mold) were stored dry for 1 day at 37°C to bring the
polymerization to an end. Each specimen was then placed
under a dial gauge as previously described (8). The
specimen was affixed to a glass slide and placed on the
moving table of an apparatus on which the dial gauge was
mounted. The dial gauge allowed for the position of the
stylus to be read with an accuracy of =1 pum. The stylus
was lowered onto the specimen 0.25 mm peripheral to the
border of the circular hole in the mold and the reading
recorded. By means of the moving table the specimen was
now moved 0.50 mm and the dial gauge read again. In this
way the changes in height across the diameter of the
specimen were recorded every 0.5 mm. The changes in
height were measured on the flash side and also on the
flush side of each specimen. For each of the 3 thicknesses
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Fig. 2. Dimensional changes across the diameter of the resin composite when irradiated from either the
flash side (to the left) or the flush side (to the right). The thickness of the mold was 3 mm. The upper
diagrams give the dimensional changes of the irradiated sides of the specimens, with positive values
indicating convexity. The lower diagrams give the dimensional changes at the sides away from the light
source, with positive values indicating concavity. Mean values and standard deviations are given (= 5).
Analysis of variance showed significant differences (P < 0.05) between the right and the left side diagrams.
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Fig. 3. Dimensional changes across the diameter of the resin composite when irradiated from either the
flash side (to the left) or the flush side (to the right). The thickness of the mold was 4 mm. The upper
diagrams give the dimensional changes of the irradiated sides of the specimens, with positive values
indicating convexity. The lower diagrams give the dimensional changes at the sides away from the light
source, with positive values indicating concavity. Mean values and standard deviations are given (n = 5).
Analysis of variance showed significant differences (£ < 0.05) between the right and the left side diagrams.

of the molds, 5 specimens were investigated. The means
and standard deviations were calculated, and the results
compared by analysis of variance (9).

Results

The results are presented in Figs 2—4. The black squares
represent the mean values of the measurements. The T-
shaped figures on top of the black squares represent the
standard deviation. The curves are constructed so that
they give a direct visual impression of the way the upper
and lower surfaces changed shape as a consequence of the
curing. Thus, positive values in the upper diagrams
indicate a convexity of the surface, while positive values
in the lower diagrams indicate a concavity.

A comparison of Figs 2—4 shows that the thickness of the
molds influenced the shrinkage pattern. At a material
thickness of 3 mm (Fig. 2), the direction of the shrinkage
was towards the light source, and although statistically
significant the difference between the position of the flash
was small, 1.e. the difference between the right and the left
diagrams is not very pronounced. At a material thickness
of 4mm (Fig. 3), the shrinkage was towards the light
source when the specimens were irradiated from the flash
side, but at certain points away from the light source when

the specimens were irradiated from the flush side. A
comparison between the right and the left diagrams
demonstrates a significant influence of the position of the
flash. Finally, at a material thickness of 5 mm (Fig. 4), the
shrinkage pattern demonstrated in Fig. 3 was accentuated.
When the specimens were irradiated from the flush side,
the mean movement of the flash side was away from the
light source.

Discussion

The present study has demonstrated a complex pattern of
shrinkage of a resin composite, with interactions between
the direction of the curing light, the thickness of the
polymerizing material, and the position of the flash. The
differences in contraction pattern demonstrated in Figs. 2—
4 may be discussed in terms of number of light quanta
passing through the polymerizing resin material compared
with the number of initiator molecules present in the
material. To carry out this discussion, a few realistic
assumptions have to be made. Assuming the intensity of
the curing lamp to be I=700mW/cm® (10), the
wavelength of the blue light to be A =470 nm (11), the
energy of 1 quantum of light to be E=h.c/A (12), in
which expression h is Planck’s constant and c is the velocity
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Fig. 4. Dimensional changes across the diameter of the resin composite when irradiated from either the
flash side (to the left) or from the flush side (to the right). The thickness of the mold was 5 mm. The upper
diagrams give the dimensional changes of the irradiated sides of the specimens, with positive values
indicating convexity. The lower diagrams give the dimensional changes at the sides away from the light
source, with positive values indicating concavity. Mean values and standard deviations are given (n = 5).
Analysis of variance showed significant differences (P < 0.05) between the right and the left side diagrams.

of light, the number of quanta N emitted per s and
per cm? can be estimated as Iy=I/E=2.10"® quanta/
(s. cm?).

As regards the initiator, this may be assumed to be
camphorquinone (9). The number of molecules Ny; of
camphorquinone in 1 cm® of monomer may be estimated
if it 1s assumed that the density of the monomer is p = 1.1
g/cm® (13). The molar weight of camphorquinone is
M =166 g/mol, the concentration of camphorquinone
C=0.15 w% (13,14), and Avogado’s number is
NAo=6. 10%%. The calculations give Nyy=1.p.C L Ny/
M=6.10"® molecules/cm®. With a filler content of 67
vol%, the number of molecules of camphorquinone in
I em® of resin composite becomes Ng=2. 10" mole-
cules/cm”,

A typical transmittance diagram from the work of
Harrington et al. (15) is characterized by an initial, almost
instantaneous, increase in intensity, an intermediate period
where the intensity increases linearly with time t until a
time T, after which the intensity becomes constant. The
linear increase in intensity for t < T is best explained as
due to the gradual consumption of camphorquinone,
allowing an increasing amount of blue light to pass the
specimen. At time T all camphorquinone in the 2-mm
thick specimens used has reacted, which means that the
intensity becomes constant. Lambert-Beer’s law (16) gives
the intensity as I=1p.e ™" d, in which equation I is the

intensity at the surface of the material, a is the absorption
coeflicient, and d is the distance from the surface of the
material. An expression for the intensity of the blue light
which takes Lambert-Beer’s law as well as the data of
Harrington et al., (15) into account, may be written as:

MI=t/T.Ty.e > Yfort < T
QI=Ty.e > fort > T.

As mentioned, the linear increase in I with time is
presumably caused by the consumption of camphorqui-
none, from which it follows that T must be proportional to
the depth d. As T=30 s at d=2mm (15), we have
T=30.d/2.

The intensity of the light is related to the number of
quanta Ng as I=dNg/dt. Integration gives Ng as a
function Ng(t,d) of time and depth as

3) Ngt,d) =3 /T .Tp.e > fort < T

@ Ngtd)=t.Ip.e =T . Ij.e* “fort > T.
From the data of Harrington et al. (15), “a” may be
estimated from [=1,.e "9 taking Ip =176 000 Ix and

I1=2 500 Ix at a thickness of d =2 mm. The calculation
gives a=2.15mm".
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Using equations (3) and (4) and by taking Iy=2.10'®
quanta/(s.cm?) as calculated above, the number of
quanta N(30,2) passing a polymerizing resin composite
of thickness d=2mm in 30 s can be calculated to be
0.4.10" quanta/cm®. The number of molecules of
camphorquinone in 1cm® of resin composite N¢ was
calculated to equal N =2. 10" molecules/cm”. This is
equivalent to a content of camphorquinone in a material
thickness of 2mm of 0.4.10'® molecules/cm®. This
number is in perfect agreement with the number of
quanta just calculated to complete the consumption of
camphorquinone. Of course, this very high degree of
agreement should be regarded as incidental for several
reasons. Firstly, quite a few assumptions were made. Other
assumptions would have changed the fit of the agreement.
Secondly, the light passing through a resin composite is not
only absorbed by camphorquinone but is influenced by
shade and to some degree dispersed by the filler particles
(7). This would give a lower number of quanta than
calculated although the dispersion of light is to some
degree included in the “a” of equations (3) and (4).
Further, in an electron spin resonance study it was found
that the formation of radicals in 5-mm thick samples of
light-cured resin in most cases did not reach a maximum
unless the samples were irradiated for times longer than 40
s (17). This seems to indicate that the consumption of
camphorquinone was not complete at T'=30 s, as
estimated above. However that may be, the important
thing is the general relationships that are expressed in
equations (3) and (4). Credit to the general relationships in
equations (3) and (4) may also be derived from the fact that
the number of quanta passing in say 5, 10, and 20 s is the
same for d=2.0, 2.6, and 3.2 mm, respectively. This
calculation is in agreement with measurements of depth of
cure of resin composites as a function of curing time (18).

Calculated on the basis of equations (3) and (4), Fig. 5
shows the relationship between number of quanta/cm” as
a function of time, traversing resin composites of 2, 3, 4,
and 5 mm thickness. In a pilot study it was shown that
about 30 s of illumination was sufficient to cure 5 mm of
7100 in the experiments reported here. In 30 s, the
number of quanta reaching a depth d = 5 mm can be seen
to be N(30,2) & 3. 10" quanta/cm®. Further, from Fig.
5 it can be seen that this number of quanta, necessary to
bring about polymerization, passes d =4, 3, and 2 mm in
approximately 8, 2, and | s. The contraction of a resin
composite cannot be instantaneous. The irradiated
molecules of camphorquinone must diffuse to react with
the co-initiator or reducing agent (11), and then diffuse to
react with the first molecule of monomer. Also, the
presence of inhibitor will retard the beginning of
polymerization (13, 19). Measurements have shown that
1-3 s may go by before shrinkage commences (10, 13, 20).
This implies that at d =3 mm or less, the number of
quanta sufficient to cause polymerization passes through
the material in a period of time shorter than necessary for
the resin to start contracting. In contrast, at d =4 or
5 mm, the material closest to the light source will have
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Fig. 5. Calculated number of light quanta passing 2, 3, 4, and 5 mm
of resin composite in relation to time of irradiation. The dotted line
indicates the number of quanta that will cause the resin composite to
polymerize to a depth of 5 mm.

started contracting before a sufficient number of quanta
reaches the deeper levels of the resin composite.

These considerations indicate that at a material
thickness of 3 mm the direction of the light should not
make much difference to the shrinkage pattern. However,
this was not the case: in both the left and right sides of T'ig.
2, the shrinkage was directed towards the light source and
not, as expected, in both cases towards the flash side of the
specimens. A possible explanation is that the flash did not
act as an effective attachment in the situation to the right,
where the flush side was irradiated. The specimen would
have polymerized before the resin material in the flash
close to the hole in the mold obtained sufficient strength to
act as attachment. The observed expansion out of the
mold is the result of complex interplay between forces of
polymerization and attachment of the material. A fully
satisfactory explanation cannot be given without further
experimentation.

At material thicknesses of 4 and 5 mm, the above
considerations indicate that the direction of the light
should play a significant role in the shrinkage pattern. To
the left in Figs 3 and 4, where the flash side of the
specimens was irradiated, the flash and the material closest
to the light source will polymerize before the material at
the deeper parts of the specimen. The attachment
provided by the flash will result in a shrinkage directed
towards the light source and the flash. Also to the right in
Figs 3 and 4, where the flush side of the specimens was
irradiated, the material closest to the light source will
polymerize before the material at the deeper parts of the
specimen. As the material in the deeper parts of the
specimen polymerizes, the attachment provided by the
flash reduces the displacement of material towards the
light source.

Returning to the hypothesis expressed in the introduc-
tion, this will have to be rejected: At small thickness of
material, the shrinkage was not independent of the
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direction of the light, but in fact directed towards the light
source. At larger thickness of material, the shrinkage was
not in all cases directed towards the light source, but the
direction of shrinkage also depended on the attachment of
the material. However, the rejection of the hypothesis
may, in part, be due to the experimental conditions of the
present study. Further studies are needed to relate the
described quantum approach to the clinical situation.

References

1.

Lutz F, Krejci I, Luescher B, Oldenburg TR. Improved proximal
margin adaptation of Class II composite resin restorations by use
of light-reflecting wedges. Quintessence Int 1986;17:659-64.

. Ciamponi AL, del Portillo Lujan VA, Santos JFF. Effectiveness of

reflective wedges on the polymerization of composite resins.
Quintessence Int 1994;25:599-602.

. Albers HF. Tooth-colored restoratives. 8th ed. Santa Rosa, CA,

USA: Alto Books; 1996.

. Ericson D, Dérand T. Reduction of cervical gaps in class II

composite resin restorations. J Prosthet Dent 1991;65:33-7.

. Uno S, Shimokobe H, Asmussen E. Effect of polymerization

contraction stress of resin composite on bonding to dentin. Jpn J
Conservative Dent 1992;35:382-6.

. Versluis A, Tantbirojn D, Douglas WH. Do dental composites

always shrink toward the light? J Dent Res 1998;77:1435-45.

. Ruyter IE, Oysed H. Conversion in different depths of

ultraviolet and visible light activated composite materials. Acta
Odontol Scand 1982;40:179-92.

. Peutzfeldt A. Dual-cure resin cements: in vitro wear and effect of

quantity of remaining double bonds, filler volume, and light
curing. Acta Odontol Scand 1995;53:29-34.

Received for publication 14 June 1999
Accepted 24 November 1999

20.

Direction of shrinkage 315

. Hald A. Statistical theory with engineering applications. New

York: John Wiley; 1952.

. Feilzer AJ, Dooren LH, de Gee AJ], Davidson CL. Influence of

light intensity on polymerization shrinkage and integrity of
restoration-cavity interface. Eur J Oral Sci 1995;103:322-6.

. Ruyter IE. Monomer systems and polymerization. In: Vanherle

G, Smith DC, editors. Posterior composite resin dental
restorative materials. The Netherlands: Peter Szulc Publishing;
1985. p. 109-35.

. Bak B. Elementary introduction to molecular spectra. 2nd ed.

Amsterdam: North-Holland Publishing Company; 1962.

. Venhoven BAM, de Gee AJ, Davidson CL. Light initiation of

dental resins: dynamics of the polymerization. Biomaterials 1996;
17:2313-8.

. Peutzfeldt A, Asmussen E. Hardness of restorative resins: effect of

camphorquinone, amine, and inhibitor. Acta Odontol Scand
1989;47:229-31.

. Harrington E, Wilson HJ, Shortall AC. Light-activated restora-

tive materials: a method of determining effective radiation times.
J Oral Rehabil 1996;23:210-18.

. Watts DC, Cash AJ. Analysis of optical transmission by 400—

500 nm visible light into aestetic dental biomaterials. J Dent
1994;22:112-7.

. Ottaviani MF, Fiorini A, Mason PN, Corvaja C. Electron spin

resonance studies of dental composites: effects of irradiation time,
decay over time, pulverization, and temperature variations. Dent
Mater 1992;8:118-24.

. Cook WD, Standish PM. Cure of resin based restorative

materials. II. White light photopolymerized resins. Aust Dent J
1983;28:307-11.

. Asmussen E. Setting time of composite restorative resins vs.

content of amine, peroxide, and inhibitor. Acta Odontol Scand
1981;39:291-4.

Watts DC, Cash AJ. Determination of polymerization shrinkage
kinetics in visible-light-cured materials: methods development.
Dent Mater 1991;7:281-7.



