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Abstract

Objective—The effect of filler content in dental restorative composites on the polymerization
shrinkage stress (PS) is not straightforward and has caused much debate in the literature. Our
objective in this study was to clarify the PS/filler content relationship based on analytical and
experimental approaches, so that guidelines for materials comparison in terms of PS and clinical
selection of dental composites with various filler content can be provided.

Methods—Analytically, a simplified model based on linear elasticity was utilized to predict PS
as a function of filler content under various compliances of the testing system, a cantilever beam-
based instrument used in this study. The predictions were validated by measuring PS of
composites synthesized using 50/50 mixtures of two common dimethacrylate resins with a variety
of filler contents.

Results—Both experiments and predictions indicated that the influence of filler content on the
PS highly depended on the compliance of the testing system. Within the clinic-relevant range of
compliances and for the specific sample configuration tested, the PS increased with increasing
filler content at low compliance of instrument, while increasing the compliance caused the effect
of filler content on the PS to gradually diminish. Eventually, at high compliance, the PS inverted
and decreased with increasing filler content.

Significance—This compliance-dependent effect of filler content on PS suggests: (1) for
materials comparison in terms of PS, the specific compliance at which the comparison being done
should always be reported and (2) clinically, composites with relatively lower filler content could
be selected for such cavities with relatively lower compliance (e.g. a Class-I cavity with thick
tooth walls or the basal part in a cavity) and vice versain order to reduce the final PS.
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1. Introduction

In recent years, photo-polymerized composites have been widely used in restorative
dentistry mainly due to their esthetical appearance and environment-friendly nature [1].
During the clinical placement of the composite restorations, volumetric shrinkage of the
material induced by polymerization densification of the resin matrix is constrained by the
cavity walls, resulting in the generation of undesirable polymerization shrinkage stress (PS).
The presence of this PS is considered to be one of the most important causes of tooth-
restorative interfacial failure and subsequent detrimental consequences [2—4]. To mitigate
the effect of polymerization shrinkage and also to accommodate the mechanical/physical
performances of the restorative, various amount of inorganic fillers (from ca. 20 to 70 vol.%)
has been utilized in modern dental composite formulations [5]. An increase in the filler
content results in a decrease in the shrinkage and a simultaneous increase in the elastic
modulus of the composite; therefore, the effect of filler content on PS (typically a result of
the product of shrinkage and modulus) is not apparent and has induced much debate in the
literature [6-13]. Also, the PS, as an engineering property, is dictated not only by the
development of material shrinkage and modulus, but also the compliance of external
constraint [14-18]. The objective of this study is to unravel the dependence of PS on filler
content under various instrumental compliances using analytical and experimental methods,
such that guidelines for future experimental comparison of PS and clinical selection of
dental composites with various filler content can be provided.

Several instruments for /n vitro PS measurement have been introduced in the literature and
sold commercially [19-22]. These instruments typically have utilized a force transducer to
record the uniaxial force induced from a disk/cylinder-shape specimen under axial
constraint. Although each instrument works largely well for intra-laboratory research
purpose, inter-laboratory comparison (both quantitative and qualitative) of the PS results
obtained by different instruments is not achievable mainly due to the different instrumental
compliances included [3,4]. For example, Musanje et a/. and Gongalves et al. compared PS
magnitude of several commercial composites (with different filler content) using different
instruments while keeping other testing conditions (/.. irradiation and specimen
dimensions) similar. They found that the ranking of the tested composites based on the PS
was not consistent for the different instruments used [3,12,23]. Similar findings were also
reported by Braga et al. using same instrument but with different compliances [24].
Moreover, the effect of composite filler content on PS was also found to be instrument-
dependent. By using such instruments with very low compliance, the PS was reported to
increase with increasing filler content, indicating that the increase in modulus played a more
significant role than the decrease in shrinkage in determining the PS development [6-8]. In
contrast, the opposite trend of PS vs. filler content (/.e. PS decreased with increasing filler
content) was reported when the PS was measured using relatively compliant instruments [9—
11].

While it would be beneficial if the /n vitro PS tests could provide at least qualitative
guidelines for the clinical use of dental composites, the inconsistent results appearing in the
literature indicate limited and inexplicit information in this regard. To this end, combined
analytical and experimental approaches were adopted in this study to systematically
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investigate the effects of composite filler content on PS under various clinically relevant
instrumental compliances. Analytically, a simplified model based on linear elasticity and a
uniaxial constraint was used to approximate the induced PS of composite, and effects of
filler content on PS under various compliances were predicted. The analytical results were
validated by experiments using a NIST-developed cantilever-beam based instrument [22,25].
The desired compliance of the testing instrument can be easily achieved by varying the
sample position along the cantilever beam. Within the clinic-relevant range of compliances
and for the specific sample configuration tested, the PS increased with increasing filler
content when measured in low compliance region of the instrument. In an intermediate
instrumental compliance range, the measured PS was essentially independent of the filler
content, while at higher compliance, a reverse trend was observed where the PS decreased
with increasing filler content. The presented results not only show that the effect of filler
content on PS highly depends upon the instrumental compliance, but also provide a full
picture of the PS/filler content correlation and explain the inconsistent trends reported in the
literature. Since PS development is associated with the kinetics of curing and degree of
monomer conversion (an important index for dental composites), the effect of filler content
on the evolution of conversion was also simultaneously measured in this study. For the
composites with micro-scale fillers tested in this study, the results indicate that the final
conversion is not affected significantly as either the filler content or the instrumental
compliance changed.

2. Materials and methods?

In this study, experimental composites comprised of typical dental resins filled with
inorganic fillers were synthesized and tested. Bisphenol A-glycidyl methacrylate (Bis-GMA)
and triethylene glycol dimethacrylate (TEGDMA) (both from Esstech Inc., Essington, PA)
were mixed in a 50:50 mass ratio to act as the resin matrix for the composites. A visible light
initiator system consisting of 0.2 wt.% (relative to the resins) camphorquinone (CQ) and 0.8
wt.% ethyl 4-dimethylaminobenzoate (EDAB) (both from Sigma—Aldrich, Milwaukee, WI)
were incorporated. A commercial dental filler (TPH silanized MLD glass, supplied by
Dentsply-Caulk, Milford, DE) with the mean particle size of 1 pm was used as the inorganic
part of the composites. The filler was mixed with the resins in 15 wt.% increments to obtain
filler contents of 0—75 wt.% (0-52.87 vol.%). Fillers and resins were blended in a centrifugal
mixer (DAC 150FVZ, FlackTek Inc., Landrum, SC) to ensure sufficient mixing.

The polymerization stress (PS) of the prepared composites was measured using the NIST-
developed cantilever-beam based instrument (tensometer) [25]. The tensometer setup is
coupled with an /n situ near-infrared (NIR) spectrometer, which allows simultaneous
monitoring of the curing kinetics (real-time double-bond conversion) in transmission. A
more detailed description about the testing mechanics and instrument setup has been
reported in our previous studies [22,25]. Briefly, an uncured specimen in disk shape (2.5 mm
diameter, 2 mm height) was placed between two flat quartz rods that had been treated with a

2Certain commercial materials and equipment are identified in this manuscript in order to specify adequately the experimental and
analysis procedures. In no case does such identification imply recommendation or endorsement by the National Institute of Standards
and Technology (NIST) nor does it imply that they are necessarily the best available for the purpose.
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methacrylate silane to promote adhesion between the specimen and rods. The upper rod was
clamped to the cantilever beam and the lower one was fixed to the base. A non-tacky Teflon
sleeve with an injection hole and a smaller air-venting hole was used to encase the rods and
the specimen (/.e. no constraint on the specimen in the radial direction thus no stress
developed in that direction). As the curing light (QHL75™ curing lamp, Dentsply-Caulk
with 500 + 10 mW/cm? intensity at the top end of the lower rod where the specimen is
attached and a 40 s irradiation duration for all the tests) was transmitted through the lower
rod onto the specimen, polymerization shrinkage occurred and the resulting axial shrinkage
stress caused a deflection in the beam. This deflection was recorded by a displacement
sensor at the free end of the beam and used to deduce the axial PS based on a beam formula.
The simultaneous measurement of the double-bond (6165 cm™1) conversion was realized by
guiding the NIR signal through the sides of the specimen using optical fiber cables (1 mm
diameter) [25,26]. The dynamic fractional conversion was calculated by taking the peak area
of the sample prior to the start of irradiation (Areamenomer) and at each time point during the
polymerization process (Areapolymer) based on the following formula: conversion =1 —
Areapolymer/Aréamonomer [27]. The temperature rise during the exothermic polymerization,
which correlates with the curing kinetics, was also measured in parallel using a T-type
microprobe thermocouple (0.1 mm diameter, Physitemp Instruments, Clifton, NJ) inserted
into the center of the specimen. The synchronized PS/conversion/temperature data were
collected continuously for 30 min with a 10 Hz sampling temporal resolution.

To test the influence of instrumental compliance on the PS/filler content dependency, the PS
measurement for each sample composition was performed under three different compliances
(0.33, 2.65, and 12.10 pm/N) that were chosen comparable to the compliance of tooth
cavities reported in the literature [28,29]. The various instrumental compliances were
achieved by changing the specimen position along the cantilever beam or using a beam with
different height or made of different materials. As reported in our previous study [30], by
combining different beam materials and heights as well as different specimen positions, an
instrumental compliance ranging from 0.33 to 2186.06 um/N can be obtained with the
cantilever-beam instrument.

Axial shrinkage and Young's modulus of the composite samples were measured to support
the PS testing results. The axial shrinkage was measured using the tensometer instrument at
the extreme instrumental compliance (essentially unconstrained) of 2186.06 um/N (&= Al A,
where ¢ is the axial shrinkage, 4/ is the beam deflection at the sample position, and / is the
height of uncured sample). Given the sample configuration adopted (/.e. 2.5 mm diameter
and 2 mm height), the measured axial shrinkage approximated the true linear shrinkage
based on the results reported in the literature [31,32]. Shrinkage measurement in this manner
has been justified in our previous study [30]. The Young's modulus of the cured samples was
measured using Instron compression tests (model 5500R, Instron Corp., Canton, MA).
Cylindrical specimens with 4 mm diameter and 4 mm height were prepared in a Teflon mold
by applying a high intensity LED irradiation (2000 mW/cm2, LZ1-00DB00, LED Engin,
Inc.) for 2 min. Immediately after the irradiation, the specimen was removed from the mold
and another irradiation with the same amount of irradiance was applied to the reverse side of
the specimen to ensure a thorough curing. The cured specimens were stored in ambient
conditions for 48 h before the compression test to relieve any residual stress. The
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compression tests were performed using a 5 kN load cell with a crosshead speed of 1 mm/
min. The Young's modulus of each sample was determined by the slope of the initial linear
region in the stress—strain curve. All the measurements and sample preparations were
performed under a yellow light environment to minimize premature photopolymerization
and at room temperature. For each set of the experiments, at least three replicates were
conducted.

3. Results and discussion

Among the existing instruments for PS measurement, the most universal method has been
the use of a load cell (/.e. cantilever-beam for the tensometer instrument) to record uniaxial
forces from a disk/cylinder shaped specimen [3,4]. During the evolution of polymerization
shrinkage, the stress measured by the load cell to balance the sample uniaxial shrinkage is
registered as the PS. Based on a ‘force-controlled shrink-pull’ concept (Supplementary Data
(SD), Fig. S1 and Section S1), a simplified model (Eqg. (1)) for the approximation of PS
development (o) has been derived in our previous study [30]:

kEe
TThtk(1l-e @
where kis the spring constant of the load cell, which equals to the inverse of the
instrumental compliance (k= 1/C, where Cis the compliance); £'is the elastic modulus of
the sample; & is the axial shrinkage; and k;= AElhis the effective spring constant of the
sample where A and / are the cross-sectional area and the height, respectively.

Eq. (1) can be used to predict the trend in the final PS as a function of filler content if the
analytical expressions for the two dependent variables (7.e. £and ¢) as a function of filler
content are given. In the literature, several models (either semi-empirical or physical) have
been introduced to predict the elastic modulus for composite systems based on the matrix
and filler properties [33,34]. Among these models, the Halpin—Tsai model obtained through
numerical modeling agrees well with experimental results for particulate-filled dental
composites [33,35]. Also, the Rosen—Hashin model, originally presented for the prediction
of the coefficient of thermal expansion, is capable of predicting the shrinkage of dental
composites [33,35,36]. Specific expressions for these two models and the parameters
involved in this study are given in the SD, Section S2. Fig. 1 shows the predicted results of £
and ¢ as a function of filler content for the composite system tested in this study and the
respective fit with experimental data. As a comparison, the rule of mixtures for the shrinkage
prediction (/.e. composite shrinkage = resin shrinkage x (1 — filler volume fraction) since the
fillers do not shrink) is also included in Fig. 1b. It can be seen from Fig. 1a that the Halpin—
Tsai model showed good agreement with the measured Young's moduli except for small
discrepancies for the composite with the higher filler contents. A possible reason for this
discrepancy could be the fact that as filler content became higher, a uniform distribution of
the fillers was harder to achieve in the matrix. Clusterization of the fillers could cause stress
concentration during loading and affected the overall stiffness of the composite [37]. For the
composite shrinkage (Fig. 1b), the non-linear Rosen—Hashin model showed better agreement
with the experimental results than the linear rule of mixtures. This indicates that either the
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addition of fillers limited the overall monomer conversion (proportional to the shrinkage) of
the composite or the resin-filler interactions (residual stresses) constrained the resin
shrinkage to some extent [33]. The contribution from the former factor can be excluded
based on the measured double-bond conversion as shown later.

By incorporating the Halpin—Tsai and Rosen—Hashin models into Eq. (1), predicted PS as a
function of filler content for the specific sample parameters shown in Table S1, SD were
obtained for three selected instrumental compliances as shown in Fig. 2. Practically, filler
contents greater than 70 vol.% are rarely seen in either commercial or experimental
composites; therefore, not applicable to this study. It can be seen from Fig. 2 that under low
compliance conditions (0.02 um/N), the PS increases with increasing filler content until a
peak value is reached when the filler content approximates 60 vol.%; after that, the final PS
decreases with further increasing filler content. Increasing the instrumental compliance (0.1
pum/N) results in a less pronounced dependence between PS and filler content. Also, the filler
content where the PS is at its maximum shifts to the lower volume fractions of filler content
(7.e. becoming smaller). As the compliance is further increased (1 pm/N), the PS decreases
with increasing filler content over the entire filler content range. These three distinct PS/
filler content correlations under three different compliances are further validated by our
experimental results shown in Fig. 3. As can be seen, for the specific sample configuration
adopted in this study, the PS increased with increasing filler content for all of the composites
tested (filler fraction from 0 to 53 vol.%) when the low instrumental compliance of 0.33
um/N was applied. At the middle compliance of 2.65 pm/N, the PS was not influenced (/.e.
the trend was completely flat) by the change of filler content, while at the high compliance
of 12.10 pm/N, the PS decreased with increasing filler content over the entire filler content
range. A recent analytical study based on a more comprehensive mathematical model also
predicted a similar result of the combined effect of filler content and instrumental
compliance on the PS [38]. However, only the first two distinct PS/filler content correlations
were reported and no experiments were conducted to support the result in that study.

It is worthy to note that the model for the PS approximation (Eq. (1)) is based on purely
elastic responses of the sample and does not take into account the incremental change of the
sample modulus and shrinkage during the evolution of polymerization [3]; therefore,
quantitative agreements between the prediction and experiment are not expected. However,
the model still captures the main feature of the polymerization stress due to the compliance
of testing system, thus agreements in the general trends are still observed. Fig. 4 compares
the predicted and measured PS of the composites, and shows the models overestimate the PS
magnitude for all the composites and instrumental compliances tested. In addition, the
difference between the predicted and measured PS increases with decreasing filler content
and decreasing instrumental compliance. This can be explained by the fact that (1) the lower
the filler content the lower the viscosity (/.e. the more flowable) of the uncured specimen
and (2) the lower the instrumental compliance the higher the stress applied on the specimen.
Either of these facts facilitates a greater amount of stress relaxation caused by material flow
(molecular rearrangement) or viscoelastic deformation [7,17,39-41] during polymerization
that is not included in the predictions.
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Since the stress relaxation occurs mostly during the early stage of polymerization where the
material is still in liquid or rubbery state [17,40,41], the greater stress relaxation reduces the
rate of PS buildup (/.e. the more the stress relaxation, the slower the PS evolution). Fig. 5
shows the effects of filler content and instrumental compliance on the measured real-time PS
development and associated Kinetics (PS rate) from the inception of photo-irradiation. It can
be seen from Fig. 5a to d that the PS developed faster for composites with higher filler
content and under higher instrumental compliance condition. By using the quantified
parameters defined in Fig. 5d (/.e. r;;, maximum of the relative PS rate and £, time to reach
the maximum), Fig. 5e and f show that for all the composites and instrumental compliances
tested, 7, increased while £, decreased with the increasing filler content and increasing
instrumental compliance. A smaller £, while a higher r,,, corresponded to a faster developed
PS (i/.e. less relaxed stress). Therefore, results of PS rate agree with those of stress relaxation
and further explain the differences between predictions and experiments shown in Fig. 4.

In addition to the PS development, the degree of conversion and the associated curing
kinetics are also important indexes for the evaluation of dental composites because (1) the
unconverted monomers have potential to leach out and cause harmful effects in clinic due to
their cytotoxicity [42] and (2) the curing kinetics are correlated with the evolution of various
material properties (e.g. shrinkage, modulus, viscosity, efc.) during polymerization [43]. By
optimizing the instrument design and using a special sample configuration, our tensometer
instrument coupled with /n situ NIR spectrometer is capable of simultaneously capturing the
PS development and curing kinetics for a wide range of materials (from pure resin to
commercial opaque composites with high filler contents of ca. 80 wt.%) with unprecedented
resolution and speed [25]. Fig. 6 shows the measured double-bond conversion and curing
kinetics for composites with various filler contents and under various instrumental
compliances. It can be seen that the final conversion did not change significantly as either
the filler content or the instrumental compliance changed (Fig. 6a). For all the composites
tested, the degree of conversion reached a similar level of 70 + 2% at 30 min after photo-
irradiation. This result agrees with certain studies in the literature, which also report the
addition of inorganic fillers does not significantly influence the final conversion of the
subject composites [9,44,45]. It should be noted that although the opposite observation
where the final conversion progressively decreases with increasing filler content has also
been reported [10,11,46,47], the composites tested in these studies usually include nanoscale
fillers (typically less than 100 nm), which have much higher surface area than the fillers used
in this study (mean size of 1 pm). The high surface area of the nanofillers results in an
increased interface between the fillers and matrix, which could restrict the mobility of the
reactants in the matrix and thus limit the final conversion [46-48].

Although the final conversions were almost the same, the paths to achieve the final value
(7.e. curing kinetics) were not identical for the composites tested. As shown in Fig. 6b for the
selected kinetics curves, the composites with lower filler content cured slightly faster than
those with higher filler content during the early stages of polymerization. The maximum
conversion rate differed by ca. 15% between the samples with lowest and highest filler
content tested (inset of Fig. 6b). A few reasons can explain this trend. First, composites with
lower filler content had a higher concentration of monomer units available for reaction at the
beginning of the polymerization. Second, the filler particles could reflect, scatter, and absorb
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the curing light, which would slow down the rate of free-radical generation [49]. Last, the
higher concentration of monomer caused a significantly higher reaction exotherm for the
composites with lower filler content, as evidenced in Fig. 6¢ for a comparison of the real-
time temperature evolution. The higher temperature could promote a higher mobility for the
reactants, which in turn facilitated further the polymerization reaction until the polymer
network became highly diffusion-limited [50].

Since the PS and the double-bond conversion were collected synchronously during the
experiment, a conversion-based PS evolution (compared to the time-based shown in Fig. 5a
and c) can be obtained by plotting the real-time PS against the real-time conversion, as
shown in Fig. 7. For the same instrumental compliance, increasing filler content resulted in a
faster developed PS in response to the evolving conversion (Fig. 7a). For composites with
the same filler content, increasing instrumental compliance also resulted in a very similar
effect (Fig. 7b). These trends agree with those observed in the time-based PS development,
which are mainly caused by the different amounts of stress relaxation in different filler
content/compliance conditions. From Fig. 7, it can also be observed that all PS started to
increase at a conversion close to or less than 10% (some of them developed very slowly),
which reasonably approximated the gelation conversion for typical dimethacrylate system
[51,52]. In addition, for all the experiment sets, a rapid increase in the PS beginning at about
50-55% conversion was observed, corresponding to the onset of macroscopic vitrification
with significant amount of modulus being developed [11,15,52,53]. It should be noted that
the vitrification occurred earlier for the composite with higher filler content (Fig. 6a), which
could be a result of an earlier-developed modulus due to the covalent linkages formed at the
filler-resin interface (providing additional reinforcement for the cross-linked network) and
reduced cooperative movement between polymer chains, as has been recently demonstrated
[11].

In summary, our experimental and analytical results show that the presence of a composite
filler significantly influences the development of polymerization shrinkage stress; however,
this influence is highly dependent on the compliance of the external constraint. Also, for the
material compositions tested, our experimental results show that changing filler content has
an insignificant effect on the final degree of conversion although the curing kinetics is
influenced. The first finding that a compliance-dependent correlation exists between the final
PS and the filler content can explain, at least in part, the inconsistent literature reports on
comparisons of PS for certain commercial products (with different filler contents) measured
using different instruments (with different compliances) [12,23,24]. This indicates that, the
instrumental compliance should always be mentioned in /n7 vitro studies of PS and the results
obtained from such instruments whose compliances are not clinic-relevant might not be
clinically-representative. Considering the approximate compliance of tooth cavities reported
in the literature (e.g. around 3 um/N for the remaining cusps of a Class-I1 cavity [28], and an
average of 0.4 um/N for typical Class-I cavity [29]), our findings suggest that composites
with relatively lower filler content such as flowable composites should be more suitable for
such cavities with relatively lower compliance (e.g. Class-1 cavity or the basal part in a
cavity). This argument validates the use of flowable composites as liner layers that has been
adopted in current clinic procedures [54,55]. In contrast, for relatively compliant cavities
such as the cusp regions of a Class-I1 cavity, composites with higher filler content (e.g.
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packable composites) should be more suitable. As indicated in this study, these composites
have less significant difference in the PS and degree of conversion compared to those with
lower filler content under the relatively compliant conditions, while usually exhibiting better
mechanical performances and wear resistance.

4. Conclusion

Filler content effects on polymerization shrinkage stress (PS) of dental composites have
been studied in a thorough, systematic and comprehensive manner. Within the clinic-relevant
range of compliances and for the specific sample configuration tested, the dependence of PS
on filler content is shown highly related to the compliance of surrounding constraint. PS
increased with increasing filler content in low compliance systems, became independent of
filler content at intermediate instrument compliances, and eventually decreased with
increasing filler content with further elevated compliances. These varying trends are the
combinative results of the composite modulus, shrinkage, and viscosity in response to
different external constraint. The compliance-dependent PS/filler content correlation
suggests that: (1) For experimental materials comparison in terms of PS, the specific
instrumental compliance at which the comparison being done should always be mentioned;
(2) the instrumental compliance for PS study should be clinic-relevant in order to provide
useful information; (3) in clinical situations, restorative composites with different filler
content can be adopted for cavities with different level of compliance in order for a better
performance.

Supplementary Material
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Fig. 1.
(a) Experimental results of the Young's modulus of the composites as a function of filler

content and the corresponding prediction based on the Halpin—-Tsai model. (b) Axial
shrinkage of the composites measured at 30 min after irradiation as a function of filler
content and the corresponding predictions using the Rosen—Hashin model and rule of
mixtures. Error bars indicate the standard deviation of the measurement. Data values for the
experimental results are given in the SD, Table S2.

Dent Mater. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Wang and Chiang

Fig. 2.

Page 14

T T T v T T T

‘—.‘—.—."\
.

-

= C=002umN

40 +

Polymerization Stress (MPa)

0 1 1 1 1
0 20 40 60 80 100

Filler Volume Fraction (%)

Predicted trends of polymerization stress as a function of filler content at three selected
instrumental compliances (C). Parameters used for the predictions are given in the SD, Table

Sl

Dent Mater. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Wang and Chiang

[ C =2.65um/N

Page 15

1063

i\\ C =12.10 pm/N

N

\g\%
50.3 \\\{\\i\‘i\,

0 10 20 30 40 5 60 O 10 20 30 40 50
Filler Volume Fraction (%)

Fig. 3.
Experimental polymerization stress (PS) measured at 30 min after irradiation as a function

of filler content under three instrumental compliances tested. Error bars indicate the standard
deviation of the measurement. Dashed lines connecting the data points are provided for
visual assistance. Data values are given in the SD, Table S2.
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Fig. 4.
Comparison of the predicted (—) and measured (@) polymerization stress as a function of
filler content under three different instrumental compliances tested.
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Fig. 5.
Effects of filler content and instrumental compliance on the rate of PS development: (a) the

real-time PS evolution of selected composites under instrumental compliance of 12.10
um/N, (b) the corresponding PS rate obtained from the first derivative of the real-time PS
curve by applying Hill's 4-parameter non-linear regression; /2 > 0.99 for all the regressions,
(c) the real-time PS evolution for the composite with 43.15 vol.% filler content under three
different instrumental compliances and (d) the corresponding PS rates. For the purpose of
comparison, all the PS developments are normalized by the final magnitude (7.e. 30 min
value) in each case. Kinetic parameters of (e) 7,; (maximum PS rate) and (f) ¢, (time to
reach r,;) as defined in (d) as a function of filler content and instrumental compliance. Error
bars indicate the standard deviation of the measurement.
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(a) The fractional double-bond conversion measured at 30 min after irradiation as a function
of filler content under various instrumental compliances. (b) The real-time evolution of the
conversion for selected composites under a compliance of 2.65 pm/N and the corresponding
conversion rate during the first 20 s after photo-activation (inset). (c) The real-time evolution
of the temperature change (compared to the room temperature) for selected composites.

Error bars indicate the standard deviation of the measurement. Data values of the final
conversion and maximum temperature rise are given in the SD, Table S3.
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The conversion-based PS development for (a) selected composites under an instrumental
compliance of 12.10 um/N and (b) composite with 52.87 vol.% filler content under three
different instrumental compliances. For the purpose of comparison, the PS developments are
normalized by the final magnitude (7.e. 30 min value) in each case.
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