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Abstract 

This study investigated the influence of modulated photo-activation on axial polymerization 

shrinkage, shrinkage force, and hardening of light- and dual-curing resin-based composites. 

Three light-curing resin composites (SDR bulk-fill, Esthet X flow, Esthet X HD) and one  

dual-curing material (Rebilda DC) were subjected to different irradiation protocols with equal 

energy density (27 J/cm2): High-intensity continuous light (HIC), low-intensity continuous light 

(LIC), soft-start (SS) and pulse-delay curing (PD). Axial shrinkage and shrinkage force of  

1.5-mm-thick specimens were recorded in real-time for 15 min using custom-made devices. 

Knoop hardness was determined at the end of the observation period. Statistical analysis 

revealed no significant differences among the curing protocols for both Knoop hardness and 

axial shrinkage, irrespective of the composite material. PD generated the significantly lowest 

shrinkage forces within the three light-curing materials SDR bulk-fill, Esthet X flow and 

Esthet X HD. HIC created the significantly highest shrinkage forces within Esthet X HD and 

Rebilda DC, and caused significantly higher forces than LIC within Esthet X flow. In 

conclusion, both the composite material and the applied curing protocol control shrinkage 

force formation. Pulse-delay curing decreases shrinkage forces compared to high-intensity 

continuous irradiation without affecting hardening and axial polymerization shrinkage. 
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Introduction 

During polymerization of dimethacrylate-based composites, the formation of a polymer 

network is accompanied by an exchange of intermolecular van der Waals links for shorter 

covalent bonds, causing volumetric shrinkage typically in the range of 1.5 to 5% (1). 

Clinically, this dimensional change is hindered by the confinement of the material bonded to 

cavity walls, and, as a result, shrinkage manifests itself as stress. Polymerization shrinkage 

stress constitutes a major clinical concern because it has the potential to deflect the 

surrounding tooth structure, which in turn may result in cuspal movement and enamel 

fracture (2, 3), or initiate microcracking of the restorative material (4). Furthermore, when 

shrinkage forces exceed bond strength to cavity walls, gaps will develop at the  

tooth-composite interface, possibly leading to microleakage and ultimately to clinical signs 

and symptoms ranging from marginal discoloration to post-operative sensitivity and 

secondary caries (5-8). 

The magnitude of contraction stress is dependent not only on the amount of 

volumetric shrinkage, but also on cavity geometry and compliance of the surrounding 

bonding substrate, as well as on the material’s visco-elastic behavior, characterized by its 

flow capacity in the early stages of the curing reaction and by the elastic modulus acquired 

during polymerization (9, 10). Prior to gelation, plastic deformation (or flow) of the resin 

composite compensates for most of the polymerization shrinkage by the rearrangement of 

propagating polymer chains. This behavior is responsible for the reduction of stress to levels 

much lower than the expected theoretical values, which are calculated from elastic modulus 

and shrinkage strain of the material (11, 12). 

Various clinical approaches have been proposed in an attempt to minimize shrinkage 

stress, including incremental layering techniques (13), the use of low-modulus liners as 

stress absorbing intermediate layers (14, 15), and the application of modulated  

photo-activation methods involving low initial irradiance as a way to reduce the rate of 

polymerization (16, 17). In theory, a polymer network developing at a slower rate would stay 



 

longer in the pre-gel stage, and consequently more time would be available for viscous flow 

to occur, postponing the onset of stress development and reducing its magnitude (18). 

Indeed, soft-start curing, where a low irradiance is applied during the first part of the 

polymerization period before switching to higher irradiance for the remaining curing time, and 

pulse-delay curing, being similar to the soft-start routine except that a waiting period 

(‘relaxation interval’) is introduced between the initial low-irradiance and the following  

high-irradiance polymerization, have been shown to decrease contraction stress and improve 

restoration interfacial integrity when compared to continuous high-intensity photo-activation, 

without compromising the material’s physical properties (16, 19-21). On the other hand, 

stress decrease provided by irradiation at reduced initial intensity has also been associated 

with a concurrent reduction in the degree of carbon double-bond conversion (22), which in 

turn might deteriorate the mechanical properties and biocompatibility of the resin composite 

restoration (23, 24). 

Curing characteristics vary depending on material composition (25), which may 

influence the efficacy of photo-activation protocols with modulated irradiation. A study 

evaluating the influence of low initial irradiance curing approaches on shrinkage stress 

development of three commercial light-curing materials found stress reductions between 19 

and 30% when compared with continuous high-intensity light exposure using similar energy 

density (26). The effectiveness of soft-start and pulse-delay curing on polymerization 

shrinkage and contraction stress of dual-curing resin composites still needs to be 

determined. 

Besides managing light exposure, the dynamics of the polymerization reaction may 

also be controlled by modifications in the resin composite formulation. Recently, the 

incorporation of a polymerization modulator in a high molecular weight urethane-based 

methacrylate resin has been shown to delay gelation (27), thereby increasing the opportunity 

for stress relief by flow. Investigations on the shrinkage behavior of resin systems based on 

this so-called SDR (“Stress Decreasing Resin”) technology revealed that these materials 

generated significantly lower contraction forces than conventional flowable and hybrid resin 



 

composites when being photo-activated using continuous high-intensity irradiation (27, 28). 

To date, no information is available in the literature on the effects of low irradiance curing 

regimens on the shrinkage kinetics of resin composites with SDR technology. 

Based on these considerations, the aim of the present study was to investigate the 

influence of modulated photo-activation methods (continuous low-intensity, soft-start, pulse-

delay) on axial polymerization shrinkage and shrinkage force of various dimethacrylate-

based resin composite materials: three light-curing resin composites (including a flowable 

composite based on the SDR technology, a conventional flowable composite, as well as a 

regular microhybrid composite) and one dual-curing composite material. In addition, 

microhardness (as an indirect measure of the degree of conversion) was determined in order 

to allow an assessment of the physical properties of the set materials. It was hypothesized 

that modulated photo-activation would result in reduced shrinkage force formation compared 

to high-intensity continuous irradiation, without affecting axial shrinkage and hardening of the 

resin composite materials. 



 

Materials and methods 

Four commercial resin composite materials were used in this study: a light-curing 

microhybrid flowable composite having incorporated a polymerization modulator within the 

resin matrix (SDR; Dentsply DeTrey, Konstanz, Germany), a conventional light-curing 

microhybrid flowable composite (Esthet X flow; Dentsply DeTrey), the high viscosity 

counterpart of the conventional flowable composite (Esthet X HD; Dentsply DeTrey), and a 

dual-curing microhybrid flowable composite (Rebilda DC; VOCO, Cuxhaven, Germany). 

Details of the test materials are presented in Table 1. In all experiments, the composite 

specimens were photo-activated with a LED light-curing unit (Bluephase; Ivoclar Vivadent, 

Schaan, Liechtenstein) used in the High-Intensity Mode and equipped with a focusing 

(Power-Booster) light guide with an 8-mm diameter light emission window. The emission 

spectrum (Fig. 1) of the curing unit was measured by means of a fiber optic spectrometer 

(HR2000; Ocean Optics, Dunedin, FL, USA) containing a high-resolution CCD array detector 

(ILX511; Sony, Tokyo, Japan). Four light-curing protocols (Table 2), each employing a 

standardized energy density of 27 J/cm2, were investigated in the following tests. The 

different irradiances were obtained by changing the distance of the light guide tip to the 

specimen surface. The desired irradiances at the top surface of the composite specimens 

were verified using a PM2 thermopile sensor and calibrated FieldMaxII-TO power meter 

(Coherent, Santa Clara, CA, USA). 

 

Axial shrinkage 

Axial shrinkage was measured with a custom-made device (Fig. 2), described in detail 

previously (29, 30). In brief, it consisted of a sturdy metal frame, upon which a thin aluminum 

platelet with a perpendicular diaphragm was loosely placed. The edge of the diaphragm 

extended into a recess in an infrared measuring sensor. A standardized volume (42 mm3) of 

the resin composite material to be investigated was placed on the aluminum platelet with the 

aid of a cylindrical Teflon mold. The material was then carefully flattened to a test height of 

1.5 mm by means of a sandblasted (50 µm Al2O3) and silanized (Monobond Plus; 



 

Ivoclar Vivadent) glass plate. Photo-activation of the composite materials was performed 

through the glass plate according to the protocols described in Table 2. The reduction in light 

intensity when the curing light passes through the glass plate was measured and amounted 

to 10%. This loss was compensated in all curing protocols in order to ensure that the desired 

irradiances were reached at the top surface of the composite specimens. The vertical 

movement of the diaphragm caused by polymerization shrinkage of the test materials was 

detected by the temperature-compensated infrared sensor with an accuracy of 0.1 µm at a 

sampling frequency of 5 Hz. Measurements were carried out for 15 min from the initiation of 

photo-activation at an ambient room temperature of 25 ± 1°C. Data were transferred  

real-time to a personal computer (Macintosh IIfx; Apple Computer, Cupertino, CA, USA) by 

means of an A/D converter using custom-made software. Six replicate measurements were 

conducted for each experimental condition. 

 

Shrinkage force 

Measurements of polymerization shrinkage force were carried out using a custom-made 

device (Fig. 3) that was also described in detail previously (29, 30). In brief, the upper part of 

the apparatus consisted of a semi-rigid load cell (PM 11-K; Mettler, Greifensee, Switzerland; 

instrument compliance: 0.4 µm/N), to which a metal cylinder was screwed. The cylinder was 

coated with a standardized volume (42 mm3) of test material, which was compressed to a 

thickness of 1.5 mm, and a surface area of 28 mm2 at the top and at the bottom of the 

specimen (corresponding to a ratio of bonded to unbonded surface area, i.e. C-factor, of 2.0), 

by means of a glass plate attached to the base of the device. To improve adhesion, the 

surfaces of the metal cylinder and of the glass plate were sandblasted with 50 µm Al2O3 and 

primed or silanized (Monobond Plus; Ivoclar Vivadent). Light-curing was performed 

according to Table 2 through the glass plate, via a recess in the lower frame, again 

considering a reduction of 10% in light intensity when the curing light passes through the 

glass plate. The forces generated during polymerization shrinkage were detected by means 

of the load cell at a sampling frequency of 5 Hz. Measurements were carried out for 15 min 



 

from the initiation of photo-activation at an ambient room temperature of 25 ± 1°C. Data were 

transferred real-time to the attached computer (Macintosh IIfx; Apple Computer) via an A/D 

converter using custom-made software. Six replicate measurements were conducted for 

each experimental condition. 

 

Microhardness 

Determination of microhardness as an indirect measure of degree of conversion was 

performed as previously described in the literature (29, 31). The same volume (42 mm3) of 

test material as for evaluation of axial shrinkage and shrinkage force was placed on a glass 

plate and compressed between spacers of 1.6 mm by means of a second, sandblasted 

(50 µm Al2O3) and silanized (Monobond Plus; Ivoclar Vivadent) glass plate. Light-curing was 

performed according to Table 2 through the pretreated glass plate covering the top surface of 

the specimen, again considering a reduction of 10% in light intensity when the curing light 

passes through the glass plate. Six specimens were prepared for each experimental 

condition and stored dry at an ambient room temperature of 25 ± 1°C in the dark until testing. 

Prior to testing, a layer of 0.1 mm, as verified with a digital caliper (CAPA 150; Tesa SA, 

Renens, Switzerland), was removed from the non-irradiated composite surface (bottom 

surface) by wet grinding with silicon carbide (SiC) paper up to grain-size 4000 (FEPA P 

standard). Knoop hardness (KHN) was measured 15 min after the start of photo-activation 

using a digital microhardness tester (model no. 1600-6106; Buehler, Lake Bluff, IL, USA). For 

each specimen, three indentations were performed under a load of 10 g applied for 20 s at 

random positions around the center of the non-irradiated surface, and the average of the 

three readings was calculated.  

 

Statistical analysis 

After confirming the validity of the assumption of normality by means of the Kolmogorov-

Smirnov and Shapiro-Wilk tests, data at the end of the 15-min observation period were 

analyzed using analysis of variance (ANOVA) followed by Scheffé’s post-hoc test to identify 



 

pairwise differences. All tests were conducted at a pre-set global significance level of 

α = 0.05 (SPSS Version 20; SPSS, Chicago, IL, USA). 



 

Results 

Fig. 4 shows the development of axial polymerization shrinkage for each experimental 

condition as a function of time. The axial shrinkage values obtained at the end of the 15-min 

observation period are presented in Table 3. Two-way ANOVA revealed significant 

differences in axial shrinkage among composite materials (P < 0.001) but not among  

photo-activation protocols (P = 0.153), and no interaction effects between photo-activation 

protocols and composite materials (P = 0.117). Esthet X HD caused the significantly lowest 

axial polymerization shrinkage, followed by SDR, Rebilda DC and Esthet X flow with all 

curing protocols. 

 Fig. 5 shows the time-dependant development of shrinkage force during 15 min for 

each experimental condition. The initial course of shrinkage force formation is detailed in 

Fig. 6. The shrinkage force values obtained at the end of the 15-min observation period are 

presented in Table 4. Two-way ANOVA revealed significant differences in shrinkage force 

due to both composite material (P < 0.001) and photo-activation protocol (P < 0.001), and 

significant differences were also found for the interaction between these two factors 

(P < 0.001). PD generated the significantly lowest shrinkage forces within the three  

light-curing resin composites SDR, Esthet X flow and Esthet X HD, but did not result in 

significantly lower shrinkage force formation compared to LIC and SS within dual-curing 

Rebilda DC. HIC created the significantly highest shrinkage forces within Esthet X HD and 

Rebilda DC, and LIC produced lower shrinkage forces than HIC within Esthet X flow. SDR 

generated the significantly lowest shrinkage forces when HIC was used, while Esthet X HD 

caused the significantly lowest shrinkage forces for PD. 

 Knoop hardness for the different combinations of composite materials and curing 

protocols, observed 15 min after the start of photo-activation, are displayed in Fig. 7. For 

each material tested, no significant differences in the degree of hardness were observed 

among the curing protocols. 



 

Discussion 

Free-radical photo-polymerization of resin composites causes a gelation in which the 

material is transformed from a viscous-plastic to a more densely packed rigid-elastic 

structure with reduced intermolecular distances (10). The resulting volumetric shrinkage has 

been reported to continue for up to about 24 h after photo-activation (32). Nevertheless,  

real-time shrinkage and shrinkage stress measurements are usually limited to the first  

3–30 min of the polymerization reaction, in order to shorten overall measurement duration 

(17, 19, 33-37). In the present study, the development of axial polymerization shrinkage and 

shrinkage force were continuously followed for 15 min, based on preliminary investigations in 

our laboratory, which revealed that after 15 min both properties had reached over 86% of 

their maximum values after 24 h, irrespective of the tested composite material. Furthermore, 

relative differences in post-gel shrinkage strains of resin composites exposed to different 

curing scenarios have been shown to remain constant after the first 5 min post-irradiation 

(38). Therefore, although current data do not reflect the ultimate values of axial shrinkage 

and shrinkage force in absolute terms, their use as a means to compare different  

photo-activation protocols, as well as to estimate final values of the measured properties, is 

justified. 

 For a given material and test configuration, absolute values of contraction stress are 

influenced by the compliance of the measurement system (39). Near-zero compliance testing 

set-ups, containing feedback systems in order to maintain the original specimen height 

throughout the experiment, might overestimate stress values, because deformation of dental 

substrates would relieve part of the shrinkage forces (9, 40). In the experimental design of 

the current investigation, axial specimen deformation was only partially restricted because 

the load cell was axially displaced by 0.4 µm/N, resulting in a maximum deformation of 

17 µm. In this way, a semi-rigid configuration of a cavity with a C-factor of 2.0 was simulated. 

Several studies have revealed that the cusps of premolars and molars deflect inwards after 

the placement of Class II resin composite restorations, with the amount of intercuspal 

narrowing ranging from 11 to 46 µm (41-43), thus justifying the experimental set-up in the 



 

present research. 

 In the shrinkage stress test only the forces developing uniaxially, in the long axis of 

the specimen, are registered, even though the shrinking composite develops a triaxial stress 

state (9, 44). Within a cavity, the loading condition is multiaxial, because, in contrast to the 

configuration in the testing device, the composite material is not simply bonded to two 

opposing surfaces, but to the cavity floor and walls, resulting in a very heterogeneous stress 

distribution in the resin composite restoration (44, 45). Furthermore, in cavities with a high 

ratio of bonded to unbonded surface area, e.g. Class I cavities, stress relief by viscous flow is 

hindered (12), which might result in higher shrinkage stresses compared to those measured 

in the current test set-up. In contrast, shrinkage stresses generated by resin composite 

restorations bonded to a flat tooth surface (minimal constrained surface area), i.e. Class IV 

restorations, might be lower than those recorded in the present study. 

 The first part of the hypothesis that modulated photo-activation would result in 

reduced shrinkage force formation compared to high-intensity continuous irradiation was 

accepted for pulse-delay curing, but was only partially accepted for soft-start curing and low-

intensity continuous irradiation because these protocols reduced shrinkage forces only for 

some but not for all of the composite materials tested. Shrinkage stress development in resin 

composites is related to reaction kinetics with the rate of polymerization being proportional to 

the square root of the irradiance absorbed by the material (46, 47). When irradiation is 

started at lower irradiance values, a reduced number of polymer growth centers is activated 

at the same time, reducing the reaction rate and decreasing stress generation due to the 

increased opportunity for viscous flow and chain relaxation before mobility is restricted by 

vitrification (18). Shrinkage force curves (Fig. 6) indicate that the tested modulated curing 

protocols succeeded in postponing the onset of stress build-up, lending support to the 

hypothesis of increased pre-gel flow capacity (and consequently non-rigid shrinkage) when 

reducing irradiance during photo-polymerization. Nevertheless, soft-start curing and low-

intensity continuous irradiation reduced final shrinkage forces not for all of the composite 

materials tested (Table 4, Fig. 5). The different response of resin composites to modulated 



 

photo-activation might be due to compositional differences. Photo-initiator and inhibitor 

concentrations, monomer blending and filler content have been shown to affect resin 

reactivity (25, 48, 49), which might have affected stress relief effectiveness of the modulated 

curing protocols. 

 The present results show that pulse-delay curing was effective in reducing shrinkage 

force formation when compared to continuous high-intensity irradiation, irrespective of the 

composite material. Furthermore, within the three light-curing resin composites tested, the 

pulse-delay technique generated lower polymerization forces than both soft-start and  

low-intensity continuous curing (Table 4, Fig. 5). The low energy density imparted to the 

composites during the initial light-activation pulse (0.9 J/cm2) might have produced low initial 

monomer conversion and maintained a high level of molecular mobility within the polymer 

matrix (1). During the light-off period before the second light exposure, the polymerization 

process is slow, because no new radicals are generated in light-curing resin composites from 

initiation, and the reaction progresses as a result of the ‘dark-cure’ reaction being 

characterized by chain propagation of already existing structures (11). The slow 

polymerization rate during this period might have prolonged the early low modulus phase, 

thus allowing more time for molecular rearrangement and stress relief. In contrast to the light-

curing materials, the dual-curing resin composite did not benefit from the pulse-delay curing 

regimen regarding shrinkage force relief when compared with the other modulated irradiation 

protocols (soft-start curing, low-intensity continuous curing) under investigation. This might 

be due to the additional autopolymerizing mechanism of dual-curing Rebilda DC, which is 

based on a redox reaction of benzoyl peroxide with a tertiary aromatic amine (N,N-Bis-

hydroxyethyl-p-toluidine). This reaction generates free radicals and thus initiates 

polymerization in the absence of light, which might have added to elastic modulus 

development during the light-off period and decreased flow capacity. Indeed, shrinkage force 

curves (Fig. 5) indicate greater force development during the light-off period of the pulse-

delay protocol for the dual-curing material compared to the light-curing resin composites. 

 The flowable bulk-fill material SDR generated significantly lower shrinkage forces 



 

compared to the conventional flowable and microhybrid resin composites examined when 

irradiation was performed at continuous high irradiance (Table 4), even though axial 

polymerization shrinkage of the SDR composite exceeded that of microhybrid Esthet X HD 

(Table 3, Fig. 4). A recent study observed reduced shrinkage stress formation for SDR not 

only when compared to regular methacrylate-based resin composites, but also compared to 

a low-shrinkage silorane-based composite material (Filtek Silorane) (27). The composition of 

SDR features a so-called ‘polymerization modulator’, a chemical moiety which is embedded 

in the center of the polymerizable urethane dimethacrylate resin backbone of the material. 

Due to the conformational flexibility around the centered modulator, the monomers are 

supposed to link more flexibly to form the polymer network, thereby allowing for internal 

stress relaxation without harming degree of conversion (28). Interestingly, the present results 

revealed no benefit of SDR over the conventional microhybrid composite material 

Esthet X HD regarding shrinkage force generation when modulated curing protocols with low 

initial irradiance were applied (Table 4), and therefore do not confirm the results obtained 

with high-intensity continuous irradiation. This might be explained by the relatively low 

responsiveness of SDR to modulated photo-activation, probably due to the predominant 

effect of the polymerization modulator on reaction kinetics and stress development of the 

material. 

 The equal chemical composition of the resin matrix of high-viscosity Esthet X HD and 

low-viscosity Esthet X flow (Table 1) offers the possibility to directly elucidate the effect of 

filler content on shrinkage patterns. Our results indicate that the higher filled resin composite 

(Esthet X HD; filler content: 60 vol%) caused significantly less polymerization shrinkage than 

its flowable counterpart (Esthet X flow; filler content: 53 vol%) (Table 3, Fig. 4). A strong 

inverse correlation between filler percent and shrinkage strain has been previously 

established, which might be explained by the fact that at higher filler levels, the volume 

occupied by organic matrix and, therefore, the number of reactive methacrylate groups 

decreases (50). On the other hand, the stiffness of the composite material is also increased 

at higher filler levels (51), which leads to increased stress at a given shrinkage strain, 



 

according to Hooke’s law. Nevertheless, in the present study, the higher filled material 

generated significantly lower shrinkage forces (Table 4) due to its reduced polymerization 

contraction. Indeed, a direct relationship between volumetric shrinkage and polymerization 

stress, and an inverse relationship between filler content and polymerization stress has been 

established in semi-rigid testing systems (52). 

 Axial polymerization shrinkage of the flowable resin composites under investigation 

was higher compared to non-flowable Esthet X HD, and increased in the following order: 

SDR < Rebilda DC < Esthet X flow (Table 3, Fig. 4). The low polymerization shrinkage of 

SDR might result from the large size of its base monomer, which is a modified UDMA and 

has a high molecular weight in comparison with Bis-GMA and traditional UDMA (849 g/mole 

vs. 512 g/mole vs. 471 g/mole, respectively) enabling the resin to exhibit a lower density of 

reactive sites per unit mass of material (53, 54). The lower shrinkage of Rebilda DC 

compared to Esthet X flow might be explained by the higher filler content of Rebilda DC and 

its TEGDMA-free resin composition. TEGDMA is a highly reactive diluent monomer with 

flexible aliphatic units, which due to its favorable stereochemistry exhibits higher values of 

degree of conversion compared with Bis-GMA, EBPADMA and UDMA, thus leading to 

greater shrinkage (55-57). Furthermore, unlike Esthet X flow, Rebilda DC contains DDDMA 

in its resin matrix. This monomer has been shown to cause low shrinkage during 

polymerization due to a long organic spacer between two reactive end methacrylate groups 

(58).  

 The second part of the hypothesis that modulated photo-activation would not affect 

axial polymerization shrinkage and hardening of the composite materials was confirmed by 

the results. Volumetric shrinkage of resin composites has been shown to be proportional to 

the degree of conversion (46), which, in turn, is related to the total light energy density, i.e., 

the product of irradiance and exposure time delivered to the composite during  

photo-activation (59). In the current study, Knoop hardness was used as an indirect measure 

of the degree of conversion of a specific resin composite (60, 61), based on its proven 

correlation with infrared spectroscopy (62-66). The similar microhardness and axial 



 

shrinkage observed when the materials were irradiated according to the different curing 

protocols might be due to the fact that the same energy density (27 J/cm2) was delivered by 

all photo-activation methods, and provides further evidence for a reciprocal relationship 

between irradiance and exposure time on conversion of resin-based composites (67). 

Therefore, since differences in contraction forces cannot be accounted for by differences in 

extent of cure or polymerization shrinkage, it may be assumed that the composite’s 

increased flow capacity was the governing factor for the reduced shrinkage force formation 

attained with modulated photo-activation. In contrast to our findings, LU et al. (22) observed 

that a decrease in contraction stress provided by low initial irradiance curing protocols is 

accompanied by reduced final monomer conversion, even if the applied energy density is 

similar to that of a standard, full-irradiance protocol. Stress reduction achieved at the 

expense of the degree of conversion is clinically undesirable, because low monomer 

conversion might not only compromise the material’s mechanical properties (24), but also 

reduce biocompatibility (23). In the above-mentioned study, noting a decrease in final 

conversion after modulated photo-activation (22), irradiation was started at a rather low 

irradiance of 100 mW/cm2, representing thus only one third of the irradiance used for initial 

irradiation in the current investigation. It might be that for very low irradiances exposure 

reciprocity does not hold (18), which could explain the contradicting findings of the studies. 

 Based on the results of the present in vitro study, it can be concluded that both the 

composite material and the applied light-curing protocol control shrinkage force formation. 

Pulse-delay curing reduces shrinkage forces compared to irradiation at continuous high 

irradiance, without affecting axial polymerization shrinkage and without compromising the 

degree of hardening of the investigated light- and dual-curing resin composites. The tested 

regular (high viscosity) composite material seems to profit most from the pulse-delay 

technique regarding shrinkage force relief. 
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Figure legends 

 

Fig. 1. Light spectrum profile emitted by the LED curing unit (Bluephase; Ivoclar Vivadent) 

used in the study. 

 

Fig. 2. Diagram of the measuring device for axial shrinkage. A: Metal frame; B: Aluminum 

platelet; C: Diaphragm; D: Infrared measuring sensor; E: Composite specimen; F: Glass 

plate; G: Aluminum plate; H: Curing light tip. 

 

Fig. 3. Diagram of the measuring device for shrinkage force. A: Upper part of measuring 

device; B: Lower part of measuring device; C: Load cell; D: Metal cylinder; E: Composite 

specimen; F: Glass plate; G: Holder of glass plate; H: Curing light tip. 

 

Fig. 4. Mean axial shrinkage curves of the composite materials for each photo-activation 

method as a function of time (n = 6). 

 

Fig. 5. Mean shrinkage force curves of the composite materials for each photo-activation 

method as a function of time (n = 6). (A) SDR; (B) Esthet X flow; (C) Esthet X HD; 

(D) Rebilda DC. 

 

Fig. 6. Mean shrinkage force curves of the composite materials for each photo-activation 

method within 30 s after the start of irradiation (expanded area of Fig. 5). (A) SDR; (B) Esthet 

X flow; (C) Esthet X HD; (D) Rebilda DC. 

 

Fig. 7. Mean Knoop hardness values and standard deviations (represented by error bars) of 

all experimental groups at 15 min after the start of irradiation (n = 6). Within each composite 

material, groups linked with a horizontal bar are not significantly different at the 0.05 level 

(Scheffé’s post-hoc test). 



 

Table 1 – Manufacturers’ information about the resin composite materials used in the study 

Material Composition Filler size (µm) Filler content 

(wt%/vol%) 

Lot no. Manufacturer 

SDR 

 

 

Esthet X flow 

 

 

Esthet X HD 

 

 

Rebilda DC 

Resin: Modified UDMA, EBPADMA, TEGDMA 

Filler: Ba-Al-F-B-Si-glass, Sr-Al-F-Si-glass 

 

Resin: Bis-GMA adduct, EBPADMA, TEGDMA 

Filler: Ba-F-Al-B-Si-glass, silica 

 

Resin: Bis-GMA adduct, EBPADMA, TEGDMA 

Filler: Ba-F-Al-B-Si-glass, silica 

 

Resin: Bis-GMA, UDMA, DDDMA 

Filler: Ba-F-B-Si-glass, silica 

0.02–10 (mean 4.2) 

 

 

0.02–7.5 (mean 1.2) 

 

 

0.02–3 (mean 0.61) 

 

 

0.05–20 (mean 1.5) 

 

68/45 

 

 

61/53 

 

 

76/60 

 

 

71/57 

110619 

 

 

110617 

 

 

1105311 

 

 

1202575 

Dentsply DeTrey, 

Konstanz, Germany 

 

Dentsply DeTrey, 

Konstanz, Germany 

 

Dentsply DeTrey, 

Konstanz, Germany 

 

VOCO,  

Cuxhaven, Germany 

Bis-GMA: Bisphenol-A-glycidyldimethacrylate; DDDMA: Dodecanediol dimethacrylate; EBPADMA: Ethoxylated bisphenol-A-dimethacrylate; 

TEGDMA: Triethylene glycol dimethacrylate; UDMA: Urethane dimethacrylate. 

 

 

 

 

 



 

Table 2 – Description of the photo-activation protocols evaluated 

Photo-activation method Exposure protocol (light exposure time and irradiance*) Energy density* 

High-intensity continuous (HIC) 

Low-intensity continuous (LIC) 

Soft-start (SS) 

Pulse-delay (PD) 

30 s at 900 mW/cm2 

90 s at 300 mW/cm2 

15 s at 300 mW/cm2 → 25 s at 900 mW/cm2  

3 s at 300 mW/cm2 → Delay (3 min) → 29 s at 900 mW/cm2 

27 J/cm2 

27 J/cm2 

27 J/cm2 

27 J/cm2 

*received at top surface of the specimen. 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3 – Axial shrinkage (mean ± standard deviation in %) of the tested composite materials generated by the photo-activation methods at  

15 min after the start of irradiation (n = 6) 

 Material 

Photo-activation method SDR Esthet X flow Esthet X HD Rebilda DC 

High-intensity continuous (HIC) 

Low-intensity continuous (LIC) 

Soft-start (SS) 

Pulse-delay (PD) 

2.26 ± 0.10 

2.22 ± 0.04 

2.29 ± 0.04 

2.27 ± 0.07 

A,c 

A,c 

A,c 

A,c 

3.40 ± 0.06 

3.42 ± 0.10 

3.44 ± 0.11 

3.40 ± 0.07 

A,a 

A,a 

A,a 

A,a 

1.49 ± 0.05 

1.46 ± 0.06 

1.48 ± 0.07 

1.39 ± 0.10 

A,d 

A,d 

A,d 

A,d 

2.98 ± 0.11 

2.96 ± 0.10 

2.86 ± 0.07 

2.86 ± 0.12 

A,b 

A,b 

A,b 

A,b 

Mean values followed by same capital letters in columns, and same small letters in rows, are not significantly different at the 0.05 level  

(Scheffé’s post-hoc test). 

 

 

 

 

 

 

 

 



 

Table 4 – Shrinkage force (mean ± standard deviation in N) of the tested composite materials generated by the photo-activation methods at  

15 min after the start of irradiation (n = 6) 

 Material 

Photo-activation method SDR Esthet X flow Esthet X HD Rebilda DC 

High-intensity continuous (HIC) 

Low-intensity continuous (LIC) 

Soft-start (SS) 

Pulse-delay (PD) 

20.0 ± 1.2 

19.9 ± 0.9 

19.9 ± 1.1 

17.9 ± 0.7 

A,c 

A,b 

A,c 

B,b 

40.7 ± 0.9 

38.0 ± 1.7 

39.4 ± 1.7 

35.3 ± 1.5 

A,a 

B,a 

AB,a 

C,a 

22.7 ± 0.8 

19.6 ± 1.2 

20.6 ± 0.6 

15.5 ± 1.6 

A,b 

B,b 

B,c 

C,c 

40.4 ± 1.9 

36.8 ± 0.8 

36.0 ± 2.3 

35.6 ± 1.5 

A,a 

B,a 

B,b 

B,a 

Mean values followed by same capital letters in columns, and same small letters in rows, are not significantly different at the 0.05 level  

(Scheffé’s post-hoc test). 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Light spectrum profile emitted by the LED curing unit (Bluephase; Ivoclar Vivadent) 

used in the study. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Diagram of the measuring device for axial shrinkage. A: Metal frame; B: Aluminum 

platelet; C: Diaphragm; D: Infrared measuring sensor; E: Composite specimen; F: Glass 

plate; G: Aluminum plate; H: Curing light tip. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Diagram of the measuring device for shrinkage force. A: Upper part of measuring 

device; B: Lower part of measuring device; C: Load cell; D: Metal cylinder; E: Composite 

specimen; F: Glass plate; G: Holder of glass plate; H: Curing light tip. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Mean axial shrinkage curves of the composite materials for each photo-activation method as a function of time (n = 6). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Mean shrinkage force curves of the composite materials for each photo-activation method as a function of time (n = 6).  

(A) SDR; (B) Esthet X flow; (C) Esthet X HD; (D) Rebilda DC. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Mean shrinkage force curves of the composite materials for each photo-activation method within 30 s after  

the start of irradiation (expanded area of Fig. 5). (A) SDR; (B) Esthet X flow; (C) Esthet X HD; (D) Rebilda DC. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Mean Knoop hardness values and standard deviations (represented by error bars) of all experimental groups at 15 min after the start of 

irradiation (n = 6). Within each composite material, groups linked with a horizontal bar are not significantly different at the 0.05 level (Scheffé’s 

post-hoc test). 
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