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Abstract:    Objectives: Polymerization shrinkage of dental composites remains a major concern in restorative dentistry because it 
can lead to micro-cracking of the tooth and debonding at the tooth-restoration interface. The aim of this study was to measure the 
full-field polymerization shrinkage of dental composites using the optical digital image correlation (DIC) method and to evaluate 
how the measurement is influenced by the factors in experiment setup and image analysis. Methods: Four commercial dental 
composites, Premise Dentine, Z100, Z250 and Tetric EvoCeram, were tested. Composite was first placed into a slot mould to form 
a bar specimen with rectangular-section of 4 mm×2 mm, followed by the surface painting to create irregular speckles. Curing was 
then applied at one end of the specimen while the other part were covered against curing light for simulating the clinical curing 
condition of composite in dental cavity. The painted surface was recorded by a charge-coupled device (CCD) camera before and 
after curing. Subsequently, the volumetric shrinkage of the specimen was calculated with specialist DIC software based on image 
cross correlation. In addition, a few factors that may influence the measuring accuracy, including the subset window size, speckle 
size, illumination light and specimen length, were also evaluated. Results: The volumetric shrinkage of the specimen generally 
decreases with increasing distance from the irradiated surface with a conspicuous exception being the composite Premise Dentine 
as its maximum shrinkage occurred at a subsurface distance of about 1 mm instead of the irradiated surface. Z100 had the greatest 
maximum shrinkage strain, followed by Z250, Tetric EvoCeram and then Premise Dentine. Larger subset window size made the 
shrinkage strain contour smoother. But the cost was that some details in the heterogeneity of the material were lost. Very small 
subset window size resulted in a lot of noise in the data, making it difficult to discern the general pattern in the strain distribution. 
Speckle size did not seem to have obvious effect on the volumetric shrinkage strain along specimen length; however, larger 
speckles resulted in higher level of noise or heterogeneity in the shrinkage distribution. Compared with bright illumination, 
dimmer lighting produced larger standard deviations in the measured shrinkage, indicating a higher level of noise. The longer the 
specimen, the greater was the rate of reduction with distance from the irradiated surface, especially for the longitudinal strain. 
Significance: The image correlation method is capable of producing full-field polymerization shrinkage of dental composites. The 
accuracy of the measurements relies on selection of optimal parameters in experimental setup and DIC analysis.   
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1  Introduction  
 

Light-cured, polymer-based dental composites 
are now widely used for restoring decayed or dam-
aged teeth. However, polymerization shrinkage of 
these materials remains a major concern in restorative 

dentistry. This is because the resulting shrinkage 
stresses can lead to premature failure of the restora-
tion via micro-cracking of the tooth and debonding at 
the tooth-restoration interface, which in turn results in 
marginal leakage and ultimately recurrent caries 
(Hübsch et al., 1999; Palin et al., 2005). Therefore, 
the assessment of their shrinkage behaviour during 
curing (or polymerization) is a major topic in the 
research and development of dental composites. 
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A number of methods for measuring the polym-
erization shrinkage of dental composites have been 
developed over the years, the simplest among them 
being that based on Archimedes’ principle, i.e., dila-
tometry. With this method, a composite sample is im-
mersed into a bath of mercury or water, and the volu-
metric shrinkage of the material during polymerization 
is determined from the fall in liquid level of the meas-
urement column (de Gee et al., 1981). 

Another common method for measuring volu-
metric shrinkage of dental composites is the bonded 
disc method (Watts and Cash, 1991). With this 
method, a thin disc of the dental composite is sand-
wiched between an upper thin piece of glass dia-
phragm and a lower rigid glass plate, through which 
light-curing of the composite takes place. The de-
flection of the diaphragm caused by the shrinking 
composite during polymerization is then measured 
using a linear voltage differential transducer (LVDT). 
Because the composite disc is bonded to the glass 
diaphragm and plate, almost all the volumetric 
shrinkage occurs in the vertical direction. Thus, the 
shrinkage strain in this direction is roughly equal to 
the volumetric strain, i.e., three times the linear value 
under free shrinkage. As would be expected, the true 
linear shrinkage strain can be measured using the 
non-bonded disc method (Lee et al., 2006). 

Instead of a LVDT, the polymerization shrinkage 
of dental composites has also been measured using a 
laser interferometer, an optical magnifier and me-
chanical strain gauges (Sakaguchi et al., 1991; 
Fogleman et al., 2002; Demoli et al., 2004; Arenas et 
al., 2007). The latter measures the so-called post-gel 
shrinkage strain when the composite has developed 
significant stiffness and stresses to cause deformation 
in the devices (Sakaguchi et al., 1991; 1997). Some 
research has shown that the post-gel shrinkage strain 
has a higher correlation to the shrinkage stress that 
causes fracture and debonding in composite restora-
tions than the total shrinkage strain. 

Most of the shrinkage measuring methods de-
scribed above have been discussed and compared in 
the literature (Sakaguchi et al., 2004; Lee et al., 2006). 
Despite their differences, they can all be classified as 
contact measurement methods because the composite 
sample is in direct contact with either a liquid or solid 
medium; for example, mercury or water in dilatome-
try, a glass diaphragm and a LVDT in the bonded or 
non-bonded disc method, and a strain gauge in the 

strain gauge method. Through gravitational and/or 
adhesive forces, the medium in contact will exert 
loads and/or constraints to the composite, hence, 
influencing the measurement of polymerization 
shrinkage, as seen in the bonded disc and strain gauge 
methods. Therefore, depending on the actual me-
chanical properties of the device used, different re-
searchers may obtain different shrinkage strain 
measurements for the same composite material. There 
is also the possibility that the liquid in contact with 
the composite may affect its surface chemistry and, 
hence, polymerization shrinkage. 

Shrinkage measurements using non-contact 
methods have been carried out by other investigators 
using, for example, laser beam scanning or video- 
imaging techniques (Fano et al., 1997; Sharp et al., 
2003). With these techniques, the external dimensions 
of the composite specimen are recorded continuously 
during the polymerization process, from which the 
overall or bulk material shrinkage can be obtained. 
3D micro-computed tomography (CT) imaging has 
also been used to measure polymerization shrinkage 
of dental composites placed in prepared teeth (Sun 
and Lin-Gibson, 2008). 3D displacement contours 
within the restorations were presented. However, 
because of the relatively long time it takes to scan a 
sample, the method is limited to measuring the final 
shrinkage only; no information on the shrinkage ki-
netics can be obtained. 

Digital image correlation (DIC) is another 
non-contact optical method that has been used to 
measure polymerization shrinkage in dental compos-
ites. In a previous study (Li et al., 2009a), we show 
that, instead of just the overall shrinkage, full-field 
shrinkage strains showing local details can be ob-
tained with this method for the whole surface of the 
specimen under observation. In this way, the depth of 
cure of the dental composite can also be measured. In 
this paper, we review DIC as a technique for the 
measurement of polymerization shrinkage of dental 
composite. More importantly, we look at some of the 
material and experimental factors that can affect the 
quality and accuracy of the results.  

 
 

2  General introduction of the DIC technique 
 

The DIC method originated at the University of 
South Carolina in the early 1980s and has been 
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widely used in displacement, strain and flow meas-
urements in recent years (Heise et al., 2003; Kang et 
al., 2007). The basic idea of DIC is, by comparing 
two or more corresponding images taken at different 
times, the deformation field can be extracted through 
tracking the movement of the visible features on a 
specimen’s surface. As illustrated in Fig. 1, two 
images, Figs. 1a and 1b, were taken before and after 
deformation of a specimen under tension. They were 
subsequently divided into a certain number of subset 
windows. Using the patterns on the specimen surface, 
i.e., those formed by the black spots in Fig. 1, image 
correlation was then performed for the correspond-
ing subsets in the two images to obtain the dis-
placement vectors, as shown in Figs. 1d and 1e. 
Finally, derivatives with respect to the spatial coor-
dinates, i.e., strains, can be derived from the dis-
placement field.  

Patterns with non-repeating features on the 
specimen surface are required for the DIC system to 
determine the surface deformation by tracking their 
movement. Therefore, artificial irregular patterns, e.g., 
those made by paint spraying, need to be produced on 
the surface being recorded if the natural surface tex-
ture of the specimen cannot provide high-contrast 
speckles in the recorded images.  

In the work presented herewith, only one camera 
was used for image recording; which means that only 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

in-plane movement and strain could be obtained. 
Out-of-plane movement can be identified only if two 
or more cameras are employed in the measurement. 
However, suitable assumptions would be made for the 
out-of-plane shrinkage and its effect on the in-plane 
measurements would also be assessed. 

 
 

3  Materials and methods 

3.1  Specimen preparation and experimental  
instruments 

Four commercial dental composites were used in 
this investigation. The manufacturers and composi-
tional information given by them of the tested mate-
rials are summarized in Table 1. They all had the same 
shade (A3), similar particle sizes (<3.5 m) and 
similar filler loadings (60%–70% in volume). 

The sample preparation and experiment setup 
will be introduced briefly here since details can be 
found in (Li et al., 2009a). The composite material 
was placed into a mould with a rectangular-sectioned 
slot to form a bar specimen (Fig. 2). A thin layer of 
polytetrafluoroetylene (PTFE) tape was placed first in 
the slot prior to composite to prevent adhesion of the 
bar to the mould. 

The surface of the composite bar facing the 
charge-coupled device (CCD) camera was sprayed 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1  Procedures for calculating displacement vectors by image correlation based on the images taken before and 

after deformation of a specimen 
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with nano-sized black carbon powder to produce 
irregular-shaped speckles for tracking and analysis of 
surface movement by the image correlation system. 
The tests were performed at room temperature 
(~23 °C), with the specimen remaining in the mould 
throughout each test. During curing, the painted sur-
face was covered by a lid to ensure that only the end 
face directly facing the curing light was irradiated and 
that no light could escape to the painted surface. After 
curing, the lid was removed immediately and re-
cording of the deformation of the painted surface was 
performed with CCD camera after 30 min. The 
shrinkage strain was then calculated with the image 
correlation software Davis 7.0 (LaVision GmbH, 
Germany) to give in-plane shrinkages-longitudinal 
shrinkage εX and transverse shrinkage εY. The out- 
of-plane shrinkage strain εZ was assumed to be equal 
to the transverse shrinkage strain εY because in these 
two directions the shrinkage strain should be similar 
due to their comparable dimensions and boundary 
conditions. Thus, the volumetric shrinkage strain, 
εVolume, at a given distance along the specimen’s length 
was determined by  

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

εVolume=2εY+εX.                                 (1) 
 
Besides shrinkage measurement, factors that 

may influence the accuracy of DIC system were also 
evaluated in this study. It should be noted that from 
then on shorter specimens with length around 5 mm, 
which is half length of the samples for shrinkage- 
depth study above, were used. One of those factors is 
the size of subset windows illustrated in Fig. 1 which 
must be given manually in the software. Smaller 
window size means that more displacement vectors 
can be obtained in the image and the result has more 
details. However, the size of a subset has to be large 
enough to include sufficient distinctive patterns so 
that it can distinguish itself from other subsets. The 
above two conflicting demands imply that there exists 
an optimal size of subset window. Thus, different 
subset window sizes, e.g., 64×64, 32×32 and 16×16 
pixels, have been studied to see their effect on 
shrinkage strain measurement. Among them, the 
window size 32×32 was the one used in the shrinkage 
measurements for all the composite materials. An-
other factor, speckle size that determines how many 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 

Table 1  Manufacturers and compositions of the dental composites tested 

Resin 
composite 

Manufacturer Basic resin composition 
Particle 

size (m)
Filler loading 

(%, in volume) 
Shade No.

Premise  
Dentine 

Kerr, USA Prepolymerized resin fillers (PPRF), ethoxylated 
bis-phenol-A-dimethacrylate, TEGDMA 

0.04–3.0 69 A3 

Z100 3M, Espe bis-GMA, TEGDMA 0.01–3.5 66 A3 

Z250  3M, Espe bis-GMA, bis-EMA, UDMA, TEGDMA 0.19–3.3 60 A3 

Tetric  
EvoCeram 

Ivoclar Vivadent bis-GMA, UDMA, decanediol dimethacrylate 0.04–3.0 61 A3 

X (Longitudinal)

Y (Transverse)

Z (Out-of -plane)

15 mm
15 m

m

Thickness, 2 mm

Sample length,  
5 or 10 mm

2
5

 m
m

H
e

ig
h

t, 
4

 m
m

Mould

Fig. 2  Dimensions of the steel mould and composite specimen, together with the coordinate system used to define 
the directions of shrinkage (Li et al., 2009a) 
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distinguished patterns are included in the subset 
window, was also studied. Smaller speckle size was 
achieved by using nano-sized carbon powder spray as 
did in the measurement above and the larger speckle 
sizes were produced by coarse black spray paint. For 
comparison, two samples prepared with above two 
painting methods are shown in Fig. 3. In addition, 
other factors that have also been studied all together 
were brightness of illumination light and specimen 
length. The former influences the measurement by the 
images contrast and the latter may influence the 
shrinkage due to the constraint of other materials 
connected to it. Obviously, longer specimen shrinks 
more easily in transversal direction than it does in 
longitudinal direction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Results 

4.1  Strain distribution and depth of cure  

A typical transverse shrinkage field obtained for 
a Z250 composite specimen at 30 min after curing is 
shown in Fig. 4. It contained some local strain con-
centrations, indicating that polymerization of the 
material might not be uniform over the specimen, 
even at a constant depth from the irradiated surface. 
Nevertheless, the decreasing shrinkage strain with 

increasing distance from the left irradiated surface 
can clearly be seen. Thus, the average shrinkage strain 
over the height of each specimen was calculated at 
various points along its length, and the mean values 
and standard deviations for all the specimens of each 
material were calculated for comparison. 

The longitudinal shrinkage strain had a similar 
distribution, but the reduction with distance from the 
irradiated surface was larger and quicker.  

The mean volumetric shrinkage strains along the 
longitudinal distance from the irradiated surface at 
30 min after curing are shown in Fig. 5 for different 
composite materials tested. Z100, Z250 and Tetric 
EvoCeram had similar shrinkage strain profiles, with 
a rather uniform value in the first 2 mm, followed by a 
gradual reduction, albeit at different rates, with 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Speckles created with fine carbon powder (a) and 
spray paint (b) 

(a) 

(b) 

Fig. 4  Transverse shrinkage strain contour from a repre-
sentative specimen of the composite Z250, showing the 2D 
distribution of transverse shrinkage strains at 30 min after 
light curing. Irradiation was applied from the left side 
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Fig. 5  Volumetric shrinkages for different composites as 
functions of distance from the irradiated surface at 30 min 
after curing. Standard deviations of the shrinkage values 
are shown with vertical bars 
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respect to the depth. Amongst these four materials, 
Z100 had the greatest shrinkage strain values, fol-
lowed by Z250, Tetric EvoCeram and then Premise 
Dentine. Interestingly, the maximum volumetric 
shrinkage of Premise Dentine did not occur at the ir-
radiated surface, but at approximately 1 mm subsur-
face. This subsurface peak was less obvious in other 
materials. Although Premise Dentine had the lowest 
shrinkage strain, the rate at which its shrinkage reduced 
with distance was the fastest. Tetric EvoCeram, by 
contrast, showed the lowest rate of reduction. 

4.2  Effect of subset window size 

Fig. 6 shows the effect of the subset window size 
on the calculated shrinkage strain fields. A subset 
window size of 64×64 pixels gave the smoothest 
contours of shrinkage strain, but some details in the 
heterogeneity of the material were lost when com-
pared to those obtained with a size of 32×32 pixels, 
which appeared to be the optimum. In contrast, a 
subset window size of 16×16 pixels resulted in a lot of 
noise in the data, making it difficult to discern the 
general pattern in the strain distribution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Effect of speckle size 

Fig. 7 shows the shrinkage strain of composite 
samples with speckle patterns created with fine car-
bon powder and spray paint, shown in Fig. 3. Note 
that these were shorter specimens than those shown in 
Figs. 4–6. The much larger speckle size produced by 
the spray paint can clearly be seen, and there appeared 
to be a higher level of noise or heterogeneity in the 
specimens prepared with this method. Despite this 
difference, the volumetric shrinkage strain distribu-
tions with subsurface distance given by the two sets of 
specimens were very similar, in terms of the values 
averaged over the specimen height (Fig. 8).  

4.4  Effect of lighting 

Fig. 9 shows two specimens illuminated with 
different lighting conditions. The speckles in both 
were created by fine carbon powder. While the av-
erage shrinkage strains at each subsurface distance 
were similar between the two, the ones obtained with 
dimmer lighting had larger standard deviations, in-
dicating a higher level of noise, especially at the ends 
of the specimen (Fig. 10). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

64x64

32x32

16x16

Fig. 6  Shrinkage strain contours obtained using different subset window sizes of 64×64, 32×32 and 16×16 pixels 
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4.5  Effect of specimen length 

The results presented in the subsections 4.3 and 
4.4 were obtained with specimens that were ap-
proximately half as long as those presented in earlier 
sections. While the average values of the shrinkage 
strain in the first few millimeters appeared to be in-
dependent of the specimen length, this was not the 
case for the values at deeper locations. The longer the 
specimen, the greater was the rate of reduction with 
distance from the irradiated surface, especially for the 
longitudinal strain. This can be seen by comparing 
Fig. 5 with Fig. 8 or Fig. 10. 
 
 

5  Discussion 
 

Compared to the other measurement methods 
described earlier, the image correlation method gave 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(a) 

(b) 

Fig. 7  Shrinkage strain contours from Z100 samples 
painted with fine carbon powder (a) and spray paint (b) 
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Fig. 8  Shrinkage strain distributions for Z100 samples 
painted with fine carbon powder and spray paint 
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Fig. 9  Specimens illuminated with different lighting conditions and resulting shrinkage strain contours 
(a) Bright; (b) Dim 
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Fig. 10  Shrinkage strain distributions for Z100 given by 
specimens illuminated with different light conditions 
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more detailed and useful information about the po-
lymerization shrinkage behavior of dental composites, 
in particular the depth of cure. Note that under-cured 
composite will have inferior mechanical properties, 
such as low hardness, strength and wear resistance 
(Ferracane et al., 1998; Uhl et al., 2002; Versluis et al., 
2004; Chen et al., 2005; Silva et al., 2007; Li et al., 
2009b). The additional information provided by DIC 
can help decide the maximum depth of a restoration 
that is to be filled with a bulk-cured material or the 
maximum layer thickness of a restoration that is to be 
filled incrementally.  

Polymerization shrinkage of the composites in 
Fig. 4 appeared to be non-uniform, as we have dis-
covered previously (Li et al., 2009a). Contributing 
factors could be (1) heterogeneity in material compo-
sition leading to differences in the initiation and rate of 
polymerization, and (2) the presence of noise in the 
signals, especially at deep locations where shrinkage 
was low. In some of the composite specimens, 
maximum shrinkage did not occur at the irradiated 
surface, but at a depth of around 1 mm. Obici et al. 
(2006) obtained a similar spatial profile for the degree 
of conversion (DC) of the composite Z250, which was 
also tested in the current study. In their study, the 
maximum DC also occurred at a depth of 1 mm in-
stead of the irradiated surface. They attributed this to 
oxygen inhibition of the polymerization process on the 
polymer surface. The same reason could have caused 
the lower shrinkage values at the irradiated surface as 
there is a one-to-one correspondence between DC and 
polymerization shrinkage. 

The greater reduction in the longitudinal 
shrinkage strain with distance from the irradiated 
surface was attributed to the creation of counteracting 
tensile deformation in the same direction through 
inertial effects. As the material close to the curing 
light shrank, its movement was being resisted by the 
long tail of softer material that tended to stay behind. 
This difference in shrinkage may have created tensile 
deformation and canceled some of the shrinkage 
strain. The longer the specimen, the more pronounced 
the reduction in shrinkage, as shown by the com-
parison between Fig. 5 and Fig. 8 (or Fig. 10). In the 
transverse and out-of-plane directions, because of the 
much smaller dimensions and the more uniform 
shrinkage values across the sections, no counteracting 
tensile deformation was expected.  

The polymerization shrinkage seemed to ap-
proach the zero value asymptotically with increasing 
subsurface distance (Fig. 5). The small shrinkage 
strain at the very deep position of each composite was 
considered to be induced by the background room 
light and/or the illumination light. To test this, an 
additional Premise Dentine specimen was cured using 
the illumination light only. The results confirmed that 
a small amount of shrinkage could be produced by the 
illumination light and the resulting volumetric 
shrinkage strain ranged from 0.1% to 0.3% along the 
specimen length.  

To ensure accuracy in the shrinkage measure-
ment with a DIC system, attention should be paid to 
certain aspects of the experimental procedures. Firstly, 
a flat specimen surface with irregular speckles is 
required and the deformation to be measured should 
occur predominantly within the plane where the 
specimen surface is located. Secondly, a suitable il-
lumination light should be used. If it is too bright, 
light reflection on the specimen surface can mask the 
speckles. On the other hand, if it is too dim, the  
signal-to-noise ratio will become low. Thirdly, the 
size of the subset windows determines the number of 
displacement vectors that can be obtained from the 
recorded images. More subset windows mean more 
shrinkage strain details can be identified in the result, 
and this is recommended if there is a high strain gra-
dient in the specimen. However, this can also intro-
duce more noise to the results because each subset 
may not include enough information for accurate 
displacement tracking and calculation. The selection 
of subset window size also depends on the shrinkage 
(or displacement) level of the specimen and the size 
of speckles. The lower the displacement level and the 
smaller the speckle size, the smaller the subset win-
dows should be. It is always worthwhile to try dif-
ferent window sizes to find an optimal one for the 
particular problem in hand.  

Shrinkage in the out-of-plane direction could 
potentially affect measurement of the in-plane strains, 
because the resulting increased distance of the speci-
men from the camera could scale down the image of 
the specimen, giving the false impression that the 
material had shrunk more than it actually had in the 
in-plane directions. However, out-of-plane movement 
cannot be quantified unless two or more cameras are 
used. Thus, to assess the influence of the out-of-plane 
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shrinkage on the in-plane shrinkage measurement, a 
test was carried out with a steel square block of sides 
30 mm by 30 mm, which was also painted in the same 
way and located at the same nominal position as the 
composite specimen (Li et al., 2009a). The steel block 
was placed on a movable platform controlled by a 
micrometer, which allowed the platform to be moved 
manually in small steps of 0.01 mm away from the 
camera. The steel block was moved through a total 
distance of 0.1 mm. As the thickness of the composite 
specimen was 2 mm, this represented an out-of-plane 
shrinkage of 5%. The image of the specimen was 
recorded at each step, and the result showed that the 
0.1 mm movement of the recording surface resulted in 
a false in-plane shrinkage of 0.05%. This represented 
only 1% of the true shrinkage value. Therefore, the 
influence of the out-of-plane shrinkage on the in-plane 
values could be ignored. 

 
 

6  Conclusions 
 
The DIC method has been introduced as a 

non-contact optical technique for measuring the po-
lymerization shrinkage of dental composites. The 
method to calculate the volumetric shrinkage with a 
single-camera, 2D measurement system has been 
presented, and factors that can affect the accuracy of 
the measurements have been discussed. Overall, the 
DIC method has the advantage of providing more 
detailed and useful information on the shrinkage be-
havior of dental composites. This allows more in-
formed decisions to be made in the selection of ap-
propriate materials and placement techniques for 
restoring decayed or damaged teeth. 
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