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Objectives. The purpose of this study was to validate a new method to investigate the 

polymerization shrinkage vectors of resin composite during light curing and to evaluate 

the overall utility and significance of the technique. 

 

Methods. An optical instrument was developed to measure the location and direction of 

the polymerization shrinkage strain vectors of dental composite during light curing using 



 

a particle tracking method with computer vision. The measurement system consisted of a 

CCD color camera, a lens, a red filter, three green laser diodes and software for multi-

particle tracking. A universal hybrid composite (Z250, 3M ESPE, St. Paul MN, USA) was 

molded into thin disc-shaped specimens (un-bonded or bonded) or filled into a cavity 

within a tooth slab (bonded). Tooth slabs have various geometry with class I, II and V 

cavity configuration and sectioned horizontally or longitudinally. The composite surface 

was coated with fluorescent particles prior to light curing. The images of the fluorescent 

particles were stored at 2 frames/s for 10 min, and the movements of the particles on the 

composite surface were tracked with computer vision during curing. The polymerization 

shrinkage strain vectors as a function of time and location were analyzed. The volume 

shrinkage of the composite was also measured for comparison. 

 

Results. The linear and volume shrinkage of the composite at 10 min were 0.75 (0.12)% 

and 2.26 (0.18)%, respectively. The polymerization shrinkage vectors were directed 

toward the center of the specimen and were isotropic in all directions when the composite 

was allowed to shrink freely without bonding. In contrast, the shrinkage vectors were 

directed toward the bonding surface and were anisotropic when the composite was 

bonded to a fixed wall. The regional displacement vectors of composite in a tooth cavity 

were dependent on the cavity geometry, location, depth and time. 

 

Significance. The new instrument was able to measure the regional linear shrinkage 



 

strain vectors over an entire surface of a composite specimen as a function of time and 

location. Therefore, this instrument can be used to characterize the shrinkage behaviors 

for a wide range of commercial and experimental visible-light-cure materials in relation 

to the composition, boundary condition and cavity geometry. 
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1. Introduction 

 

Current dental composites are inevitably linked with polymerization shrinkage that can 

compromise the success and longevity of the restoration. The polymerization stress may 

produce interfacial de-bonding, substrate micro-cracking and cuspal flexure, potentially 

resulting in post-operative hypersensitivity, microleakage, secondary caries and 

ultimately restoration failure [1-4]. 

Several test methods have been used to measure polymerization shrinkage in dental 
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composites. Dilatometers [5-7] and buoyancy (density in water) measurements [8,9] have 

been used to measure volumetric shrinkage, while the bonded disc [10,11] and strain gage 

method [12] have been used to determine the axial and post-gel linear shrinkage, 

respectively. All these methods focus on the measurement of the gross polymerization 

shrinkage value for the composite. 

   In the clinical application of the composite to the cavity preparation, the direction of 

shrinkage can be affected by the cavity geometry, the direction of the curing light and 

certain boundary conditions, such as adhesion to the cavity walls [11,13,14]. Therefore, 

determination of localized shrinkage strain vectors is likely more meaningful than simply 

assessing gross shrinkage to understand the biomechanical phenomenon caused by 

polymerization contraction. 

Finite element analysis (FEA) was adopted to assess the effect on the shrinkage strain 

vectors of the curing light direction and bonding to the cavity walls [15]. Digital image 

correlation (DIC) is another method used to measure the full-field polymerization 

shrinkage strain of dental composites [16,17]. Imaging of the full-field shrinkage strain 

demonstrated that the localized shrinkage strain is related to the location within the 

specimen depth and the sampling time. However, the DIC technique uses a white powder 

or black spray paint to produce sufficient contrast for tracking individual spots on the 

specimen surface, resulting in lack of initial data during light curing due to the intense 

curing light saturating the camera. 

Recently, the 3D micro-CT imaging technique [18-20] has been used to evaluate the 
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amount and direction of regional polymerization shrinkage in dental composites. Marker 

fillers added to the composite allowed visualizing the 3D displacement vectors of the 

fillers generated by polymerization shrinkage. However, this method is limited to 

comparing pre- and post-curing images without providing temporal information during 

light curing.  

   No study to date has provided detailed information about the actual localized flow of 

composite as a function of time during the initial photo-polymerization period. Lee et al. 

[21] developed a new optical method of particle tracking with computer vision to measure 

the shrinkage kinetics of light cured composites. The measurement system was able to 

track the movement of a marker connected to a composite specimen, which allowed the 

instrument to measure the true linear shrinkage of the composite during light curing. A 

limitation of the study was that the regional shrinkage strain vectors could not be 

observed directly on the composite surface. Therefore, we developed an updated 

instrument that solves the limitation of the previous method and that can determine the 

spatial-time domain shrinkage strains on the whole composite surface directly during 

light curing. 

The purpose of this paper is to report on the new optical method to investigate the 

polymerization shrinkage strain vectors of composites during light curing and to evaluate 

the overall utility and significance of the technique. 
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2. Materials and Methods 

 

2.1. System configuration of the instrument for particle tracking 

with computer vision 

The optical instrument for measuring the polymerization shrinkage strain vectors 

consisted of a 2736×2192 pixel color CCD digital video camera (GX-FW-60S6C-C, Point 

Grey Research Inc., Richmond, BC, Canada), a lens (1×, MML1-HR110, Moritex Corp., 

Tokyo, Japan), a red filter, three green laser diodes (GD25, 532 nm, Su Semiconductor, 

Seoul, Korea), an XYZ-table (Macro Motion Technology, Bucheon, Korea), and a 

laboratory-made software program using the Processing language for multi-particle 

tracking (Fig.1a). 

 

2.2. Measurement of the polymerization shrinkage strain vectors 

of the composite 

 

2.2.1. Shrinkage strain vectors in un-bonded group  

A volume of a universal hybrid composite (Z250, 3M ESPE, St. Paul, MN, USA) was 

pressed on a glass slide that was covered with a thin vinyl sheet to prevent the composite 

from sticking to the glass surface, thus allowing free shrinkage. The resultant composite 

specimen was disc-shaped (7-8 mm in diameter, 1 mm thick) (Fig.1b). Fluorescent 
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particles (Fluospheres, 15 ㎛ polystyrene microsphere with x-rhodamine dye, Molecular 

Probes, Eugene, OR, USA) suspension dispersed in distilled water were coated onto the 

composite specimen surface using a micro-brush and air dried.  

In order to obtain baseline images, the specimen was illuminated with the green laser 

light (532 nm), resulting in the fluorescent particles emitting red (605 nm) light, with no 

effect on the curing of the composite. The CCD camera was turned on, and 3 s later, the 

composite specimen was exposed to a blue curing light (Elipar S10, 3M ESPE) at 700 

mW/cm2 for 20 s. The curing light guide was directed axially from 5 mm below the disc-

shaped specimen in order to be exposed isotropically for excluding the effect of curing 

light direction (Fig.1b). The successive images of the fluorescent particles were stored on 

a computer at a rate of 2 frames/s for 10 min. 

The movements of the particles on the composite surface were tracked with the 

computer vision software. The stored color images of particles were binarized with a 

threshold of brightness based on the RGB color values of pixels. Every particle in a frame 

was labeled using a “blob analysis” algorithm [22]. The algorithm is based on the 

“Recursive labeling procedure” as follows. 

(1)  Scan an image, find a pixel without labeling, and label the pixel with a number N. 

(2)  Label N all connected neighbors of the pixel recursively. 

(3)  Stop the procedure when all pixels in a particle (or blob) were labeled. 

(4)  Go to the step (1), and continue to label the pixels in another particle with N+1. 

(5)  All process stops when all particles in an image have been labeled.  
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After finishing labeling, the X, Y coordinates of the fluorescent particles in each image 

were obtained by means of the “area center method” [21]. In this method, the center 

coordinates of a particle are determined by dividing the total sum of the x, y coordinates 

of each pixel by the total number of pixels in the particle. The center coordinates X, Y of 

the particle are given by 

n

x

X

n

i
iå

== 1  and 
n

y

Y

n

i
iå

== 1 , 

where n is the total number of pixels within the particle, and xi and yi are the x, y 

coordinates of the ith pixel, respectively. 

After the particle tracking program calculated the coordinates of a particle labeled in 

an image, it loaded next image automatically and repeated the previous procedure for all 

successive images from 0 to 600 s. The program is able to track multi-particles (up to 30) 

and to save the coordinates simultaneously. However, there were too many particles 

(about 2000 particles) in an image in our experiment; we traced 3-5 selected particles on 

an interested region at a time. The X, Y coordinates of the traced particles vs. time were 

saved in a file for further analysis. 

Actual linear displacements of particles as a function of time were obtained from the 

pixel size (4.54 ㎛) and the coordinate difference between time segments (time-domain 

analysis). Linear shrinkage (%) of the composite was calculated from the displacement 

(dLt) of the particles at time t and the initial distance (Linitial) from the particles to the 

center of shrinkage of the composite specimen. The linear shrinkage was obtained using 
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the formula, 100×dLt/Linitial (%). 

These calculations were done in the first quadrant for four directions (0, 30, 60 and 

90°) with respect to a line bisecting the specimen through the center of shrinkage to 

investigate the radial symmetry of shrinkage vectors (Fig.2b). The averaged linear 

shrinkage of four particles near the rim for each direction was obtained in every specimen 

(n=5). The optical movements of the fluorescent particles on the composite surface during 

photo-polymerization were obtained by means of subtraction images between pre- (0 s) 

and post-cure (600 s) (spatial-domain analysis of polymerization shrinkage strain vectors). 

 

2.2.2. Shrinkage strain vectors in bonded group 

In order to investigate the effect of adhesion on the shrinkage vectors, the composite was 

pressed onto a glass slide that was also covered with a thin vinyl sheet as was for 

previous un-bonded specimen preparation. However, a second glass slide, whose edge 

was coated with a silane primer (Monobond-S, Ivoclar Vivadent, Schaan, Liechtenstein) 

and an adhesive resin (Adper Scotchbond Multi-Purpose, 3M ESPE), and then light cured 

for 10 s, was slid up against the composite disk, slightly deforming it into a dome-shaped 

disc, with its lower edge bonded to the edge of the glass slide (Fig.1b). Therefore, the 

bottom surface of the composite specimen was free to shrink except for the attached 

surface at one edge. The composite curing protocol and procedure for obtaining images 

during photo-polymerization were the same as for the un-bonded disc group. 

Linear shrinkages (%) of the composite as a function of direction (5, 30, 60 and 90° 
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with respect to the bonded surface) in first quadrant were calculated to investigate the 

effect of adhesion on the shrinkage vectors, compared with those in the un-bonded group 

(Fig.2d). The optical movements of the fluorescent particles between pre- (0 s) and post-

cure (600 s) were obtained on the composite surface. 

 

2.2.3. Shrinkage strain vectors in a tooth cavity 

Extracted third molars were cut horizontally at 4 mm below the cemento-enamel junction 

and sectioned longitudinally in the bucco-lingual direction or horizontally using a low 

speed diamond saw (Isomet, Buehler, IL, USA) to make tooth slabs of 1 mm thick. A 

class I cavity (3 mm in bucco-lingual width, 4 mm in mesio-distal length and 2 mm in 

depth) was prepared and etched with a 35% phosphoric acid etchant gel (3M ESPE) for 

30 s, rinsed with water. A primer and adhesive (Adper Scotchbond Multi-Purpose) were 

applied and light cured for 10 s. The tooth slap was placed on a glass slide covered with a 

thin vinyl sheet, and was fixed with adhesive tape. The composite was filled into the 

cavity of the tooth slab, flush with the surface, and light cured for 20 s from the occlusal 

direction in order to simulate the clinical situation through a thin slit (1 mm) to collimate 

the light (Fig.1b). 

The procedure for obtaining images during polymerization was identical to the 

previous experiments. The optical movement and shrinkage strain vectors of the 

fluorescent particles between pre- (0 s) and post-cure (600 s) were also obtained on the 

composite and tooth surface. In addition, the regional displacements with respect to 
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cavity depth (top, middle and bottom) and time were also compared (Fig.2f). 

In order to investigate the effect of various cavities with different geometries on the 

shrinkage vectors, an MO class II cavity (class I cavity with a mesial proximal box of 2 

mm in width and 4 mm in depth) or a class V cavity (4 mm in mesio-distal width, 3 mm 

in height and 2 mm in depth) was prepared on extracted third molars. The teeth were 

sectioned longitudinally (mesio-distally for the class II cavity or bucco-lingually for the 

class V cavity) or horizontally. The procedures for composite filling and obtaining images 

were identical to the previous experiment for class I cavity. In addition, the regional 

displacements with respect to cavity location (disto-occlusal area, mesial marginal ridge 

and gingival floor for sagittally sectioned specimens or mesial area and distal area for 

horizontally sectioned specimens in the MO class II cavity group) and time were also 

compared (Fig.2j and l). 

 

2.3. Measurement of the volumetric polymerization shrinkage of 

the composite 

The volumetric shrinkage of the composite was determined for comparison with the 

linear shrinkage value measured in the previous experiment (Section 2.2.1). A laboratory-

made instrument based on the Archimedes’ principle for measuring volume shrinkage was 

used. The structure and working principle of the instrument have already been described 

in a previous published paper [9]. 

A 50-80 mg composite was placed on the 4 mm diameter aluminum sample pan and 
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loaded on the arm of the balance of the instrument set to the null position. After acquiring 

a baseline for 30 s, the composite was exposed to the curing light. The output voltage was 

recorded at a sampling rate of 25 data points/s for 10 min in order to measure the 

buoyancy change over time, which was then converted to a volume change. The 

temperature of the distilled water was set to 25 ± 0.5℃. The initial sample volume was 

calculated from the sample weight and the density of the uncured composite. The 

polymerization shrinkage is given by 100×dVt/Vinitial (%), where dVt is the volumetric 

shrinkage at t seconds after the beginning of light exposure and Vinitial is the initial volume 

of the uncured sample. The curing unit, light intensity and curing time were identical to 

that used in the previous experiment (Section 2.2). 

 

All measurements were repeated five times for the experiments in Section 2.2 and 2.3. 

One-way ANOVA and Tukey’s post hoc multiple comparison test were performed for 

evaluation of statistical significance according to the shrinkage directions in each group. 

The shrinkages of the un-bonded group were compared to those of the bonded group at 

each of 0 (5), 30, 60 and 90° directions (α=0.05). 
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3. Results 

 

The representative images of particles on the composite specimen surface are shown in 

Fig.2a,c,e,g,i,k and m. The optical movements showing shrinkage strain vectors between 

the pre- (0 s) and post-cure (600 s) images are presented in Fig.2b,d,f,h,j,l and n. 

In the un-bonded free shrinkage group, the polymerization shrinkage vectors of the 

composite were directed to one area near the geometric center of the specimen and were 

isotropic for all directions, radial symmetry in all four quadrants. The displacements of 

particles near the outer edge of the specimen were 20-30 ㎛, 0.75 (0.11)% in linear 

shrinkage, according to the distance from the center of shrinkage. The linear shrinkages 

of the composite for 10 min were not statistically different for all directions (p>0.05) 

(Table 1 and Fig.2b). A representative shrinkage curve as a function of time is shown in 

Fig.3a, with a magnified view of the first 40 s during curing in Fig.3b. The curve showed 

that the linear shrinkage increased rapidly within 6 s right after turning on the light, and 

increased slowly up to 40 s, finally reached a plateau at about 60 s. The shrinkage rate 

(dsh%/dt, shrinkage% per unit time) showed a peak (0.166%/s) at 1.5 s and decreased 

continuously (Fig.3c). 

In the group with the composite bonded to a fixed wall, the shrinkage vectors were 

directed toward the bonded surface and showed a bilateral symmetry for first and second 

quadrants, but were anisotropic. The shrinkage strain for the direction of 5° adjacent to 
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the bonded surface, 0.36 (0.20)%, was much lower than those (0.79-0.88%) for the 

directions of 30, 60 and 90° (p<0.05) (Table 1 and Fig.2d). 

In the longitudinal section of class I tooth cavity group, the displacements of particles 

for 10 min were 7-17 ㎛, depending on the location. The shrinkage vectors were directed 

to the area near one fourth the distance from the pulpal wall of the cavity, and the 

displacements were greatest at the occlusal surface of the restoration and decreased with 

increasing cavity depth (Fig.2f). Even at the bonded interface of the lateral and pulpal 

wall of the cavity, displacements of 5-7 ㎛ toward the shrinkage center were observed. 

An inward cuspal deformation was also observed at the lateral surface. The regional 

displacement curves vs. time at the different levels (top, middle, and bottom in Fig.2f) of 

cavity depth are shown in Fig.3d. In the horizontal section of class I cavity group, the 

displacements of particles for 10 min were directed to near the center of the cavity and 

ranged 4-10 ㎛ (Fig.2h). 

In the sagittal section of MO class II cavity group, the displacements of particles on 

the mesial marginal ridge area of the restoration were about 45-53 ㎛ toward the axio-

pulpal line angle, which is the greatest flow on whole surface during light curing (Fig.2j). 

The regional displacement curves vs. time at the different locations of the mesial marginal 

ridge (MMR), disto-occlusal area (DO), and gingival floor (G) in Fig.2j are shown in 

Fig.3e. 

In the horizontal section of MO class II cavity group, the shrinkage vectors at the 

mesial proximal wall were directed toward near the inner bonded wall and the 
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displacements were 48-50 ㎛ (Fig.2l). Even at the distal bonded surface of the cavity, 

displacements toward the mesial shrinkage center were ranged 5-6 ㎛. The regional 

displacement curves vs. time at the different locations of the mesial (M) and distal (D) 

wallare shown in Fig.3f. The inward shrinkage displacements on the mesial free surface 

were greater and increased faster than those on the bonded surface. 

In the longitudinal section of class V cavity group, the polymerization shrinkage 

vectors of the composite were directed toward the inner bonded surface. This inward 

displacements of particles during 10 min were about 6-21 ㎛, mostly on the buccal 

superficial surface (Fig.2n). 

The volumetric shrinkage of the composite at 10 min was 2.26 (0.18)%, which was 

almost exactly three times the measured linear shrinkage value. 
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4. Discussion 

 

A limitation of our previous study [21] was that the regional shrinkage strain vectors 

could not be observed directly on the composite surface because of saturation of the CCD 

camera from the intense blue curing light. In order to solve the problem in this study, we 

used fluorescent particles and a red filter to avoid saturation of the CCD camera. The 

composite specimen was illuminated with green laser light (532 nm), which had no effect 

on the curing of the composite, for obtaining the baseline images; and the composite was 

exposed with a blue LED light (430-480 nm) for curing, resulting in the fluorescent 

particles emitting red (605 nm) light. The red filter cut off the intense light from the green 

laser and curing unit, allowing only the emitted red light from the fluorescent particles to 

pass and reach the CCD camera, thus preventing saturation. Therefore, this instrument 

was capable of recording the clear images of fluorescent particles, even during the initial 

light exposure period of 20 s. The combination of the fluorescent particles topically 

applied on the composite surface and the particle tracking software enabled us to analyze 

particle movements and to directly determine the spatial-time domain shrinkage strain 

vectors on the composite surface. 

The pixel size of the CCD camera used in this study was 4.54 ㎛, however, the 

measurement resolution of this optical method was at a sub-micrometer level. This is due 

to the averaging effect of many pixels in one-particle image by the algorithm to determine 
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the coordinate of a particle using the "area center method" [21,22].  

The linear shrinkage% on the composite surface were radially symmetric for all 

directions (for 1st, 2nd, 3rd and 4th quadrants) with respect to the shrinkage center of 

specimen in the un-bonded free shrinkage group, while showing bilateral symmetry (for 

1st and 2nd quadrants) with respect to the perpendicular line on the bonded surface in the 

bonded shrinkage group. In addition, the direction of 0° along the bonded interface did 

not show any particle movement. We tried to evaluate the effect of adhesion on the 

shrinkage vector in the direction of 5° adjacent to the bonded interface. Therefore, the % 

linear shrinkages of the composite were calculated and compared for the four directions 

(0 (5), 30, 60 and 90°) in the first quadrant for both groups. 

In the un-bonded shrinkage group, the polymerization shrinkage vectors of the 

composite were directed to near the center of the specimen and were isotropic for all 

directions, which showed a free deformation of the composite disc. The magnitude of 

shrinkage strain vectors increased with increasing distance from the shrinkage center 

(Fig.2b). The shrinkage curve vs. time for 600 s showed that the majority of shrinkage 

took place within the initial 40 s of curing and reached a plateau at about 60 s (Fig.3a and 

b). In particular, the linear shrinkage increased rapidly within 6 s right after turning on the 

light, and increased gradually up to 40 s after light exposure. The shrinkage rate curve 

(dsh %/dt, shrinkage% per unit time) showed a peak at 1.5 s, decreased rapidly until 7 s, 

and approached to zero gradually (Fig.3c). This pattern was comparable to that in the 

tooth cavity group (Fig.3d), in that the fluorescent particles showed greater displacement 
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within the initial 10 s after light curing. The linear shrinkage of the composite was 0.75% 

for 10 min (Table 1). There was no significant difference in the polymerization shrinkage 

among the directions (p>0.05). The estimated volume shrinkage (2.25%) calculated as 

three times the measured linear shrinkage was almost exactly equal to the measured 

volumetric shrinkage (2.26%), thus validating the accuracy of the new method. 

In the bonded shrinkage group, the shrinkage vectors were directed toward the 

bonding surface and were anisotropic. The linear shrinkage strains (0.79-0.88%) were not 

significantly different than those for the un-bonded group, except in the direction of 5° 

adjacent to the bonded surface (Table 1). The magnitude of the shrinkage vector (0.36%) 

for the 5° direction was much lower than those (0.79-0.88%) for 30, 60 and 90° (p<0.05), 

which could be explained by restriction of the movement of composite flow near the 

bonding surface. The shrinkage curve vs. time from Fig.3a and b is similar for the bonded 

and unbounded group. 

In the tooth cavity group, regional shrinkage displacement vectors of the composite 

were dependent on the cavity geometry, location, depth and time. In the longitudinal 

section of class I tooth cavity group, the top and middle area showed 17 ㎛ and 9 ㎛ 

inward displacement toward the pulpal wall, respectively, however the bottom area 

showed 7 ㎛ upward displacement apart from the cavity floor (Fig.2f and 3d). This 

difference is likely caused by the effect of the bonded surface in restricting shrinkage, as 

well as by the reduced curing light intensity with increasing depth of the cavity, resulting 

in slightly reduced curing and therefore reduced shrinkage. At the top of the cavity, the 
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maximum inward displacement of the composite occurred at the center of the free 

occlusal surface, while the minimums were adjacent to the bonded axial walls. In contrast, 

nearer to the bottom of the cavity, the shrinkage was directed toward the shrinkage center 

but with much less displacement than that at the top surface. Even at the bonded interface 

between the composite and tooth, some amount of displacement (5-7 ㎛) toward the 

shrinkage center was observed at the lateral and pulpal wall of the cavity. This 

displacement that is resisted by the adhesion to the cavity walls necessarily produce 

internal stress within the composite, potentially resulting in localized de-bonding at the 

composite-tooth interface. There was an abrupt increase of displacements in the top and 

middle of the cavity at 20 s when the curing light turned off (Fig.3d). This could be 

explained by that the polymerization shrinkage during light curing was slight offset by the 

thermal expansion of composite due to the heat of curing light. In the horizontal section 

of class I cavity group, the displacements of particles were directed to near the center of 

the cavity and ranged 4-10 ㎛ (Fig.2h). This restrictive shrinkage flow was likely 

resulted from the closed bonded boundary condition. This is comparable to the value 

measured at the bottom of the longitudinal section of class I cavity group. 

In the sagittal section of MO class II tooth cavity group, maximal magnitude of 

shrinkage strain vectors was the intrusion of free mesial marginal ridge area (Fig.2j). The 

particles on the mesial marginal ridge area showed 45-53 ㎛ inward displacement, 

however on the disto-occlusal and gingival floor area showed 6-8 ㎛ outward 

displacement apart from the cavity wall (Fig.2j and 3e). These differences of magnitude 
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of shrinkage vectors are likely caused by the influence of the free or bonded surface (C-

factor) and curing light intensity, similarly to the longitudinal section of class I cavity 

group. In addition, the cavity dimension and bulk filling technique would also influence 

these characterizations of polymerization shrinkage vectors. The shrinkage curves vs. 

time for 600 s showed that the majority of shrinkage took place within the initial 20 s of 

light curing and reached a plateau at about 30 s (Fig.3e). The shrinkage was observed in 

order of the mesial marginal ridge, disto-occclusal area, and gingival floor. There was an 

abrupt increase of shrinkage in mesial marginal ridge area, and a reversal in shrinkage 

magnitude between disto-occclusal area and gingival floor at 20 s when the curing light 

turned off. This could be explained by that the heat of curing light expanded the 

composite and offset the polymerization shrinkage slightly during light exposure, 

thereafter the shrinkage strains returned or redistributed for stress relief after the curing 

light turned off. 

In the horizontal section of class II tooth cavity group, the shrinkage vectors were 

directed to the inside of occlusal cavity (Fig.2l). This inward shrinkage displacements on 

the mesial free surfaces were up to about 50 ㎛ and increased faster than those on the 

bonded surfaces (Fig.3f). This pattern is similar to the mesial marginal ridge area in the 

sagittal section of class II cavity group. At the distal bonded interface of the cavity, 

shrinkage displacements were ranged 5-6 ㎛ toward the shrinkage center apart from the 

bonded surface (Fig.2l and 3f). 

In the longitudinal section of class V cavity group, the polymerization shrinkage 
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vectors of the composite were directed toward the inner bonded surface. This inward 

displacements of particles during 10 min were about 6-21 ㎛, mostly on the labial 

superficial surface (Fig.2n). The restriction of displacement at inner cavity area could be 

caused by the adhesion to the cavity walls. At the bonded interface of the cavity, 

displacements were little observed, contrary to those in the class I and II cavity groups. 

This could be caused by the influence of adhesion and ‘wide and shallow’ cavity 

configuration (lower C-factor) compared to the other cavity groups. The magnitude and 

direction of regional polymerization shrinkage vectors depends on the cavity 

configuration, boundary conditions, depth, location and time. 

This study also demonstrated cusp deflection due to shrinkage of the composite 

restoration. The horizontal inward movement of the cavity walls in this study was near 20 

㎛ at the cavosurface margin (Fig.2f and j), which was comparable to the value measured 

using a LVDT displacement sensor in another study [4]. Further, the results from the 

current study were compared favorably with those generated in a previous study using 

finite element analysis [15], in which the contraction vector patterns were again mostly 

influenced by the local presence of free and bonded surfaces. 

In micro-CT studies using a modified composite containing traceable glass beads, the 

3D displacement vectors and gap formation generated by polymerization shrinkage have 

been shown [18,19]. However, the 3D data difference between the before- and after-

curing images presented only the overall movements of material without providing 

temporal information during light curing. In addition, the micro-CT requires several hours 
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for complete data acquisition. The optical instrument used in our study can quickly obtain 

successive images of the full curing process in real time. 

As reported previously, the DIC method is also capable of measuring full-field 

polymerization shrinkage behavior of dental composites [16]. Compared our results with 

those obtained from the assessment of composite shrinkage in MOD restorations using 

the DIC [17], the displacement of composite showed a similar pattern, which included the 

occlusal surface intrusion, cuspal flexure, and cervical upward displacement. However, 

similar to the micro-CT, the DIC method could not obtain shrinkage kinetics during light 

curing. 

Overall, compared to the other measurement methods described, the new optical 

method used in this study efficiently provided more detailed information on the spatial 

and temporal polymerization shrinkage behavior of dental composite. This measurement 

method can be applied to observe shrinkage vectors of composite in frontal (bucco-

lingual), sagittal (mesio-distal), and horizontal (occlusal) sections of various cavities with 

different geometries.  

A limitation of this current work is that only the in-plane movements of particles in 

2D sliced specimens were determined, without quantifying the out-of-plane shrinkage 

vectors. In a future study, a measuring system utilizing two cameras should be employed 

for measuring both in-plane and out-of-plane shrinkage vectors, thus allowing one to 

obtain 3D surface shrinkage vectors. However, due to the thinness of the specimens used 

in this study, and the excellent agreement between the calculated and measured 
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volumetric shrinkage, it is likely that the out-of-plane vectors would be relatively small in 

comparison to the in-plane vectors measured here.  

   In conclusion, the new method using an optical instrument with computer vision was 

able to measure and visualize the regional linear shrinkage strain vectors over an entire 

surface of a composite specimen as a function of time and location. Therefore, this 

instrument can be used to characterize the shrinkage behaviors for a wide range of 

commercial and experimental visible-light-cure materials in relation to the composition, 

boundary condition and cavity geometry. 
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5. Conclusions 

 

The new instrument with computer vision was able to measure and visualize the regional 

linear shrinkage strain vectors of composite specimen as a function of time during photo-

polymerization. Different cavity geometry and boundary condition showed different 

patterns of shrinkage vectors. The regional displacement vectors of composite in a tooth 

cavity were dependent on the cavity geometry, location, depth and time. This optical 

method is an effective technique for monitoring and analyzing the shrinkage behaviors of 

composite spatio-temporally. 
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Table and Figures 

 

Table 1. Linear shrinkage (%) of the composite as a function of boundary condition and 

direction for 600 s 

 

Direction (°)             Linear Shrinkage (%) 

                  Un-bonded          Bonded 

  0 (5)*           0.75 (0.11)a              0.36 (0.20)b 

  30              0.75 (0.11)a              0.88 (0.26)a 

  60              0.75 (0.09)a              0.79 (0.11)a 

  90              0.74 (0.07)a              0.79 (0.16)a                      

 

* The measurement direction was 0° for un-bonded specimens, but had to be at 5° for 

bonded specimens to be away from the bonded interface. 

Numbers in parenthesis are standard deviations. 

Means with the same superscript letters are not significantly different (P>0.05). 
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(a) 

 

 (b) 

Figure 1. (a) Schematic diagram of the instrument for particle tracking with computer 

vision. (b) Specimen preparation. Left: un-bonded group, a disc-shaped composite 

specimen was allowed to shrink freely without adhesion. Middle: bonded group, one edge 
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of the dome-shaped composite disc was bonded to the edge of a glass slide. Right: tooth 

cavity group, composite was filled and bonded within a cavity of a tooth slab. The 

composite was exposed with the light axially from the bottom for the disc-shaped 

specimens and the horizontally sectioned specimens of tooth cavity, but was cured 

horizontally from the occlusal direction in the longitudinally sectioned specimens of tooth 

cavity. 
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(a)                                   (b) 
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(e)                                   (f) 

       

(g)                                   (h) 

   

(i)                                   (j) 
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(k)                                   (l) 

   

(m)                                   (n) 

 

Figure 2. Spatial domain analysis of polymerization shrinkage strain vectors on the 

composite surfaces. (a) Original image of fluorescent particles on the composite surface 

in an un-bonded specimen at right after turning on the curing light. (b) Optical 

movements are presented by subtraction images between before (0 s) and after (600 s) 

cure. Black and red points represent the fluorescent particles in the pre- and post-cure 

images, respectively. The shrinkage strain vectors showed isotropic deformation directed 

to near the center of the composite disc. (c) Original image, and (d) optical movements 
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and shrinkage vectors in a bonded specimen. The shrinkage vectors showed anisotropic 

deformation directed to the lower, bonded surface of the dome-shaped composite disc. (e) 

Original image, and (f) optical movements and shrinkage vectors in the longitudinal 

section of class I tooth cavity specimen. The shrinkage vectors were directed to the area 

near one fourth from the pulpal wall of the cavity. The top and middle area showed 

inward displacement toward the pulpal wall, however, the bottom area showed upward 

displacement away from the cavity floor (T, top; M, middle; and B, bottom). (g) Original 

image, and (h) optical movements and shrinkage vectors in the horizontal section of class 

I tooth cavity specimen. The shrinkage vectors were directed to near the center of the 

cavity. (i) Original image, and (j) optical movements and shrinkage vectors in the sagittal 

section of MO class II tooth cavity specimen. The shrinkage vectors were different 

depending on the location and depth of the cavity (DO, disto-occlusal area; MMR, mesial 

marginal ridge; and G, gingival floor). (k) Original image, and (l) optical movements and 

shrinkage vectors in the horizontal section of MO class II tooth cavity specimen. The 

shrinkage vectors at the mesial proximal area showed greater inward displacements, 

however, at the distal bonded areas were little displacements apart from the bonded wall 

(M, mesial area; and D, distal area). (m) Original image, and (n) optical movements and 

shrinkage vectors in the longitudinal section of class V tooth cavity specimen. The 

shrinkage vectors were directed toward the inner bonded interface, in particular, 

superficially on the labial surface. The magnification of shrinkage vectors (arrows) in the 

(b), (d), (f), (h), (j) and (l) is 10×. 
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(e) 

(f) 

 

Figure 3. Time domain analysis of polymerization shrinkage strains on the composite 

surfaces.  
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(a) Representative linear shrinkage (%) curve as a function of time for 600 s, (b) for 

initial 40 s of the composite disc, and (c) linear shrinkage rate (%/s) vs. time for initial 40 

s in the un-bonded group. (d) Regional shrinkage displacement (㎛) of the composite vs. 

time at different depths in the longitudinal section of class I tooth cavity. The positive 

displacement at the top and middle of the cavity means that the shrinkage vectors were 

directed downward toward the cavity floor, while the negative displacement at the bottom 

of the cavity means that the shrinkage vectors were directed upward from the pulpal wall 

of the cavity (top, middle and bottom of the cavity are shown as T, M and B, respectively 

in Fig.2f). (e) Regional shrinkage displacement (㎛) of the composite vs. time at different 

locations in the sagittal section of class II tooth cavity. The displacements of mesial 

marginal ridge area increased rapidly and showed greater magnitude of strains than any 

other location of the cavity (mesial marginal ridge, disto-occlusal area and gingival floor 

of the cavity are shown as MMR, DO and G, respectively in Fig.2j). (f) Regional 

shrinkage displacement (㎛) of the composite vs. time in the horizontal section of class II 

tooth cavity. The positive displacement at the mesial area of the cavity means that the 

shrinkage vectors were directed inward to the bonded cavity wall, while the negative 

displacement at the distal area means that the shrinkage vectors were directed outward 

from the wall of the cavity (mesial and distal area of the cavity are shown as M and D, 

respectively in Fig.2l). 
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국  

 

복합 진  합  축 벡   

시공간  분  

 

권   

울  원 과 과 과보존  공 

(지도  이 인 복) 

 

1. 목  

본 연구  목  컴퓨  시각과 입자 추  방법  이용 여 합  복합

진  축 벡 를 는 새 운 방법  개발 고, 경계 조건과 동  

 태에 른 축 벡  차이를 시공간   분 여 이 방

법  용  평가  함이다. 

 

2. 재료 및 방법 

컴퓨  시각과 입자 추  방법  이용 여 개발  새 운  장 는 CCD 

컬러 카 라, 즈, , 다  입자를 추   있는 소 트웨어  구
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었다. 합  복합 진 Z250  이용 여 얇  원반 태, 또는 쪽 면이 

착  얇  반구 태  시편  작 다. 건  25개  구 에 1 , 2 , 

5  동  고 평  직 방향  단 여 얇  상  아 

시편  작 다. 동  산부식 여  건조 후 착 를 용 고 슬라

이드 라스에 고 여 복합 진  충 다. 조사  복합 진  

면에 마이크 러시를 이용 여 입자를 도포 다. 입자  움직임

 합 개시부  600  동안 여 컴퓨   이용 여 추

고, 시간과 에 른 합 축 벡 를 분 다. 를 해 복합 진

 체  축  다.  

 

3. 결과 

600  동안 복합 진 Z250  축  0.75 (0.12)%, 체 축  2.26 

(0.18)% 다. 착 지 않  상태  복합 진 시편에 는 축 벡 가 시편

 심  향 며 모든 방향  등방 이었 나, 쪽 면이 고  복합 진 

시편에 는 축 벡 가 착면  향 며 등방  찰 었다. 아 

동에 충  복합 진  국소 인 축 벡 는 동   태, , 

이  시간에 라 다르게 찰 었다.  

 

4. 결  

복합 진  국소 인 축 벡 는 복합 진  경계 조건, 동   
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태  시간에 라 다양 게 찰 었다. 본 연구에  고안  새 운 방법  

합  복합 진 시편 체에  국소 인  축 벡 를 고 시공

간  분   있는 용  방법이었다.  

 

                                                                                

주요어: 합 축 벡 , 복합 진, 컴퓨  시각, 입자 추  

 번: 2011-31158 
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