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1 1 
GENERALL INTRODUCTION 

Georgee Washington, the first president of the United States of 
America,, used to wear an artificial denture made of ivory and bovine 
teethh (Fig. 1.1). Too vain to appear in public without it, but unable to 
speakk when wearing it, he resorted to work from home - the White 
Housee - rather than from his office in the Congress building. American 
presidentss have made a tradition of this behavior since. 

Fortunately,, a basic change in the nature of dentistry has occurred since 
Georgee Washington's time, most noticeably over the past few decades. 
Dentall  care has become available to the industrialized world and a 
growingg portion of the population now retain all or part of their natural 
teethh well into old age. Thanks to regular check-ups, disease can be 
discoveredd and treated in an early stage. As a rule, only relatively small 
portionss of a tooth have to be removed and replaced by fillings. 

Figur ee 1.1 One of the six artificial dentures of George Washington (1732-
1799).. The elements used were made of bovine teeth, human teeth, and ivory 
inn a lead base, with springs that allowed the first president of the USA to open 
andd close his mouth. The artificial dentures, made by Dr. John Greenwood 
(1790),, fitted poorly and distorted the shape of his mouth. 
ReprintedReprinted from Mount Vernon, Virginia, USA, with permission). 



Thee crown of a tooth consists of dentin covered with a layer of enamel 
aboutt one-millimeter thick. Tooth enamel contains much more 
hydroxyapatitee than dentin, which gives it a hardness comparable to that 
off  semi-precious stones. Due to our diet and the presence of certain 
bacteriaa in saliva, a process called caries is initiated. During this process, 
thee acidic products of the metabolism of the bacteria (plaque) soften the 
enamell  and eventually the dentine by dissolving hydroxyapatite, 
resultingg in the formation of cavities in the teeth. 

restoration n 

marginall loss 

incompletee restoration 
adaptation n 

dentine e 

microleakage e 

secondaryy caries 

enamell micro-cracks 

Figur ee 1.2 Effect s of shrinkag e stresse s in restoration . 

Itt wil l be clear that the materials used for the restoration of cavities 
shouldd be able to be brought in the appropriate anatomical shape, and 
thatt they should retain that shape throughout the lif e of the tooth. The 
usee of metals such as gold alloys and amalgam has for many decades 
providedd satisfactory results with respect to the preservation of tooth 
anatomy.. Nowadays, conventional glass ionomer cements, compomers, 
andd resin composites have gained a permanent position on the dental 
markett as direct restorative material. Their superior esthetics and 
consecutivee preparation requirements (less destructive than amalgam) 
havee been instrumental in this commercial success. 

Thee ideal restoration has a perfect seal with the remaining tooth 
structure,, since otherwise bacteria and the toxins they produce can 
invadee and populate in the gap formed, resulting in pulp irritation and 
evenn secondary caries (Fig. 1.2). This perfect seal must be obtained 
duringg setting (solidification process) and then maintained during 
thermall  and mechanical cycling for the lifetime of the restoration or 
thee patient. Unfortunately, the present generation of esthetic restorative 
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materiall  does not yet guarantee a tight seal. Most of this shortcoming is 
relatedd to bulk shrinkage of the restorative material during the setting 
process.. Due to the adhesion to rigid tooth tissue, this shrinkage is 
constrained,, and this, in combination with the increasing stiffness of the 
restorativee material, inevitably leads to the development of mechanical 
stressess in and around the restoration. 

Thesee stresses are a major problem, since they have a negative influence 
onn the durability of the restoration. While loss of adhesion can occur at 
anyy time, the most likely moment is when the magnitude of the 
shrinkagee stress exceeds the strength of the developing restoration-
toothh bond. Since bulk shrinkage takes place largely within 15 minutes 
off  setting [1], adhesive failure starts early, occasionally even before the 
patientt has left the dentist's chair [2]. Although the restoration wil l 
probablyy not fall out of the preparation, it has to be replaced to prevent 
adversee biological reactions. Even if adhesion survives the mechanical 
stresses,, there may be cusp movement, postoperative sensitivity, 
cohesivee fracture, or tooth fracture. 

Thuss far the literature has given considerable attention to factors such as 
bulkk shrinkage, restoration configuration, water absorption, porosity, 
andd the effect of the kinetics of the setting mechanism on shrinkage 
stresss [3]. The outcome of these studies has resulted in time-consuming 
restorativee techniques for the practitioner (preparation design, special 
fillin gg techniques, linings, variable light intensity, etc.) designed to 
obtainn restorations with a tight seal and low ultimate internal stresses. 
Andd yet there is still no clear understanding of why the adhesive bond 
failss in some situations but not in others. 

Too gain more insight into the problem of shrinkage stresses, research has 
focusedd on the viscoelastic behavior of dental restorative materials 
duringg setting. This mechanical behavior during setting - when the 
materiall  passes from a liquid to a solid state - is an important factor in 
thee relation between shrinkage of the restorative material and stress 
developmentt in the restoration. Once the viscous flow and solid property 
off  the restorative material during setting can be quantified, then the 
researchh into shrinkage stress development can be enriched with 
numericall  analyses and simulation techniques. 

Finitee Element Analysis (FEA) is widely used to calculate material 
stressess [4]. In a finite analysis, a complex structure - such as a tooth - is 
subdividedd into a number of small, simply shaped elements, for which 
individuall  stresses can be more easily calculated than for the structure 
ass a whole. By solving the stresses of all the small elements simultane-



ously,, the total stress of the whole structure can be approximated. The 
firstt attempt to study the stress build-up caused by the shrinkage of the 
restorativee composite by means of FEA appears promising [5]. However, 
forr proper simulative shrinkage stress studies, a reliable viscoelastic 
modell  is required, one whose material parameters for the setting of 
thee restorative material are known. 

Ai mm of th i s research project 

Thee aim of this research project was to use modeling to obtain more 
informationn on the viscoelastic behavior of resin composites during 
thee setting process. Part of the research focused on finding a mechanical 
modell  capable of predicting the viscoelastic behavior of dental 
compositess during setting. With a suitable model, the viscoelastic 
parameterss viscosity (n) - an inverse related measure of viscous flow -
andd elastic modulus (E) - a measure of stiffness - can be quantified on the 
basiss of experimental data. Although different classes of bulk restorative 
materialss exist, this research project focused on two-paste and light-
activatedd resin composites. 

Thee other part of the research dealt with the use of mechanical models to 
studyy the effect of resin formulation, the initiator system, configuration 
(C-factor),, and temperature on the mechanical behavior of composites 
duringg and after setting. For this purpose, conventional (dimethacrylate) 
andd experimental (oxirane-based) composites were studied. The quan-
tificationn of the viscoelastic parameters wil l lead to a better under-
standingg of the relation between bulk shrinkage and stress development 
withinn the composite. 

Scopee of th i s thes is 

Thiss thesis represents the findings of the research project on modeling 
thee viscoelastic behavior of dental composites during setting. It deals 
firstt with the improvements in the quality of stress-strain data obtained 
byy the dynamic testing method. Next, the modeling of resin composites 
iss described, starting with chemically activated (two-paste) 
composites.. And finally, the effect of dimethacrylate composition in 
thee resin and the use of low-shrinking oxiranes as resin, are examined. 
Characterizationn studies such as infrared spectroscopy, wear, and scan-
ningg electron microscopy, were performed to provide additional infor-
mationn pertinent to the discussion of the effect of resin formulation. 
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Thee results described in the present thesis are of importance for future 
numericall  analysis. They can serve as input for FEA studies, which 
makee it possible to simulate the stress distribution in and around the 
restoredd tooth. Practitioners wil l then have a better understanding of 
howw and where stress develops in composite restorations, and can then 
refinee their techniques to minimize the deleterious effects of shrinkage 
forces.. Although this investigation focused on dental resin 
composites,, the numerical investigation described here is also applicable 
too other materials used in dentistry and medicine. 

Chapterr  2 reviews the underlying causes of shrinkage in polymeric 
restorativee materials, and the various factors that are of influence. Some 
factorss affecting stress development are beyond the control of the 
cliniciann (e.g., the formation of the composite); however, the methods 
usedd for placement and light-curing are aspects which he can control 
directly.. This review stresses the importance of knowing the relation 
betweenn these manipulative factors and the development of shrinkage 
stresses.. Special attention is given to the polymerization reaction, the 
compositee structure, and its relation to viscoelasticity. 

Thee choice of a mechanical model requires a thorough knowledge of the 
viscoelasticc properties of the resin composites. Dynamic tests are 
necessaryy in order to determine the major characteristics of the compos-
ites.. Moreover, these tests must provide reliable stress-strain data, 
whichh are important for the modeling of the viscoelastic behavior of 
dentall  composites during setting. Chapter  3 describes the experimental 
detailss of the present research, including the preparation of specimens, 
thee dynamic test system, and test protocols. On the basis of the recorded 
stress-strainn data, the limitations of the dynamic test system for 
shrinkingg dental restoratives are discussed. 

Chapterr  4 introduces the modeling of axial stress-strain data. It is 
intendedd for readers who are not familiar with mechanical models and 
havee no experience in data modeling. A number of possible models for 
thee description of the viscoelastic behavior of dental composites are 
presented,, and a modeling procedure capable of calculating material 
parameterss from a set of experimental data is described step-by-step. A 
schemaa of the validated procedure for parameter identification is given, 
andd the influence of noise on the identification procedure is discussed. 

Chapterss 5,7, and 8 deal with the modeling of the viscoelastic behavior 
off  two-paste dimethacrylate composites, light-activated dimethacrylate 
composites,, and light-activated oxirane composites respectively. On 
thee basis of the modeling results, a suitable mechanical model has been 



selected,, which can predict the viscoelastic behavior of the composites 
dur ingg sett ing. 

Thee effect of bisGMA-TEGDMA on the mechanical propert ies of two-
pastee composites is described in Chapter  6. Special attention is given to 
thee quest ion of whe ther flowable composi tes undergo a pro longed 
viscouss flow state, which may ult imately lead to less shrinkage stress in 
thee mater ia l. The set t ing process of several exper imental b isGMA-
TEGDMAA composites has been monitored and characterized by dynamic 
tests,, d i latometry, infrared spectroscopy, and mathematical model ing. 
Inn addi t ion, the tensi le strength of the composites after one hour of 
set t ing,, and the wear process over a per iod of one year were 
evaluated. . 

Chapterr  9 descr ibes a prel iminary study focusing on the potent ial of a 
low-shr inkagee composite for use in restorative dentistry. The shrinkage 
s t ra in,, st i f fness deve lopment, and tensi le s t reng th at dif ferent 
conf igurat ionss (C-factor) of an exper imental oxirane composite have 
beenn measured and analyzed at room temperature and oral temperature. 

Lastly,, the summary describes what has been accomplished with this 
projectt and a n u m b er of conclus ions are g iven. In add i t ion, 
suggest ionss for future work related to the viscoelastic behavior and 
shr inkagee stress relief of dental restorat ives are suggested. 
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2 2 
DEVELOPMENTSS IN SHRINKAGE CONTROL OF 

ADHESIVEE RESTORATIVES 

Basedd on the article: 
Dauvillierr BS, Aarnts MP, Feilzer AJ (2000): Developments in shrinkage 

controll of adhesive restoratives, J Esthet Dent 12:291 -299. 

Abstract t 

Thiss chapter reviews material properties and application techniques impor-
tantt in minimizing effects of polymerization shrinkage during the setting reaction 
off direct restorative resin composites used in adhesive dentistry. Since it was 
recognizedd that shrinkage, which takes place during the setting reaction of 
restorativee composites, may cause severe problems in adhesive dentistry, 
considerablee effort has been put into reducing the negative effects. The most 
importantt problem is the debonding of the restoration-tooth interface, resulting 
inn increased microleakage and, ultimately, in secondary caries. Despite all 
efforts,, there is still no material or general application method that guarantees 
aa leak-proof and durable restoration. It is of the utmost importance that dental 
practitionerss know how to deal with the problems related to resin composite 
shrinkage,, so that they can choose the material and procedure most likely to 
producee a leak-proof and durable restoration, maximizing the potential for 
clinicall success. 



In t roduct io n n 

Directt restorative resin composites have gained a permanent position 
onn the dental market. Their superior esthetics and consecutive 
preparationn requirements (less destructive than amalgam) have been 
instrumentall  in this commercial success. The ideal restoration has a 
tightt seal with remaining tooth structure, since otherwise, bacteria and 
toxinss produced by bacteria can invade and grow in the gap formed, 
resultingg in pulp irritation and even secondary caries (Fig. 1.2) [1, 2]. This 
perfectt adaptation must be obtained during setting and then main-
tainedd during thermal and mechanical cycling for the lifetime of the 
restorationn or the patient. Currently, no commercially available resin 
compositee guarantees an intact seal. Because the resin has no anti-
microbiologicall  activity, it is important that a restoration must be placed 
inn such a way that the best possible marginal seal is obtained. 

Theree are, however, many side effects that frustrate the goal of a 
perfectlyy sealed restoration. Most of these effects are related to poly-
merizationn shrinkage of the restoration during the setting process. 
Commerciallyy available composites still undergo a volumetric shrinkage 
off  2 to 9 % [3-6]. Therefore, a major portion of this chapter is devoted to 
whatt the practitioner can do to minimize the negative effects of poly-
merizationn shrinkage. 

Resinn compos i t es 

Dentall  restorative composites comprise a blend of hard, inorganic 
particless bound together by a soft, resin phase. The resin contains: (i) a 
monomerr system, (ii) an initiator system for free radical polymerization, 
(iii )) inhibitor for maximizing the storage stability of the unpolymerized 
composite,, and (iv) color pigments for maximizing the chemical stability 
off  the polymerized composite. The inorganic filler consists of particulates 
suchh as glass, quartz, zirconia, and/or fused silica. The coupling agent, 
usuallyy an organo-silane, bonds chemically the reinforcing filler to the 
resinn phase. 

Thee resin phase of a dental composite is a polymeric matrix. The major 
partt of the resin, the monomer system, consists of a mixture of a high 
molecularr monomer with a less viscous (usually low molecular) 
monomerr as viscosity controller. The process by which these two types 
off  monomers are joined together into a polymer network is called 
polymerization.. As monomers used in dental composites are liquids, 
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Figur ee 2.1 Reaction scheme of free radical polymerization of bisGMA [9, 10]. 
Thee initiation reaction for chemically activated (two paste) composites [9] and 
light-activatedd (single paste) composites [11] is included in detailin this scheme. 
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polymerizationn of the resin system converts the soft composite to a 
solidd composite. Therefore, polymerization of dental composites is 
oftenn denoted as the setting or curing process. 

Commerciallyy available dental composites are assigned to two groups 
accordingg to the high molecular monomer type: 

 Conventional Bowen (bisGMA1) composite; 
 Urethane dimethacrylate (UEDMA2) composite. 

qjj  BisGMA finds widespread use in current commercially available dental 
|jj  composites (Z100, 3M; Silux Plus, 3M; Clearfil F2, Kuraray). The high 
**  viscous monomer is mixed with low molecular dimethacrylate 
Joo monomers, such as EGDMA and TEGDMA, to achieve a viscosity 

suitablee for incorporating fillers. UEDMA has been used alone (Isocap, 
Vivadent;; Isopast, Vivadent; Isomolar, Vivadent) or in combination 

«« with other monomers, e.g., bisGMA and TEGDMA (Heliomolar, 
aa Vivadent; Estic Microfil l Composite, Kulzer; Estilux Microfill , Kulzer; 

Durafilll  Light-curing Composite, Kulzer) 

Thee start of the setting process of resin composites requires activation of 
thee initiator system. The initiator system consists of two compounds, 
whichh generates free radicals for the polymerization reaction of the 
monomerr system at ambient temperature (Fig. 2.1). Based on the initiator 
system,, direct restorative dental composites are supplied as a single 
pastee or as a pair of pastes. For the two - paste or chemically activated 
composites,, one paste contains an accelerator, usually N,N-bis(2-
hydroxyethyl)-p-toluidinee (DHEPT), and the other an initiator, 
commonlyy benzoyl peroxide (BPO) [12]. When the two pastes are mixed, 
thee amine reacts with the peroxide to form free radicals. 

Thee single paste or light-activated composites remain the standard for 
clinicall  use, whereas chemically activated composites are proposed for 
somee specific applications, such as core build-ups or Class II restorations. 
Singlee paste composites employ photosensitized compounds. 
Traditionally,, l,7,7-trimethylbicyclo(2,2,l)heptane-2,3-dione (camphor-
quinone)) and N,N-dimethylaminoethyl methacryiate (DMAEMA) have 
beenn the standard in dental composites [14]. When this initiator system 
iss exposed to visible light in the spectral light region of 400-500 nm, the 
diketonee (initiator) reacts with the amine (co-initiator) to form an exci-
plex,, which breaks down to yield free radicals (Fig. 2.1). The kinetics of 
thee light induced polymerization reaction, and the factors affecting the 
polymerizationn process of light activated composites are described in 
detaill  by Watts [15] and Stansbury [16] respectively. 

'bisGMAA = 2,2-bis[4-(2-hydroxy-3-methacrylyloxypropoxy)phenyl]propane [7] 
2UEDMAA = UDMA = 1,6-bis(methacry1yloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexan [8] 
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Adequatee shelf lif e of dental composites is essential. To inhibit 
prematuree polymerization of the monomer system under ordinary 
storagee conditions, an inhibitor is added to the matrix phase. The most 
widelyy used inhibitors in dental composites are butylated hydroxy-
toluenee and monomethyl ether of hydroquinone [17]. Finally, color 
pigmentss are incorporated in the matrix phase, to give the hardened 
compositee its desired color and shade. 

Fillerr is mixed in the matrix phase to reinforce the restorative material 
andd to reduce volumetric shrinkage. Dental composites are classified on 
basiss of the particle size and size distribution: (i) traditional macro-

en. . 
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Figur ee 2.2 Deposition of silane coupling agent (TPM = y-methacryloxypropyl-
trimethoxysilane)) on a filler surface [13]. Hydrolyzed TPM oligomer chemisorb 
onn the filler surface and condense with surface silanol and neighbour oligomers. 
Duringg the setting reaction of the composite, the vinyl (-C=C-) group in the R-
groupp of TPM undergoes a radical polymerization reaction with the growing 
dimethacrylatee polymer in the resin (Fig. 2.1). 

filledd (mean diameter 5-30 ^m), (ii ) microfilled (mean diameter 0.04 
jim),jim), and (iii ) hybrid composites. Hybrid composites combine the 
characteristicss of macrofilled and microfilled composites [18]. 

Thee filler particles are coated with an interfacial phase, the so-called 



couplingg agent, to enhance wetability of the filler surface by the 
monomerr and to promote an adhesive bond between filler and polymer 
matrix.. A common silane coupling agent for dental glass particles is y-
methacryloxypropyltrimethoxysilanee (MPS) [19]. The silane coupling 
layerr is obtained either by dry-blending the filler particles and the 
couplingg agent, or by deposition the coupling agent from solution on the 

§>> filler surface (Fig. 2.2). 
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Ass mentioned previously, the matrix of most contemporary 
compositess consists of methacrylate-based monomers [20]. Volume 

1§§ reduction during setting results from closer packing of monomer 
.££ molecules in the polymerized resin matrix, as depicted in Figure 2.2, and 
-22 the better packing efficiency of the polymer network [21, 22]. Thus, 
«JJ dimensional stability of the restoration is poor in the early stages of 
Q.. setting, whereas the density of the material increases. To prevent 
"55 shrinkage, it is important to minimize the density difference between the 
«« polymerized and the unpolymerized composite. 
Q Q 

MM Upon polymerization, unfilled resins containing mainly bisGMA and 
™™ TEGDMA undergo a volumetric shrinkage of approximately 7 to 14 % 

[3],, However, the presence of filler particles considerably reduces that 
shrinkagee [23, 24]. As discussed in the next paragraph, an increase in the 

^^ percentage of filler loading is also accompanied by a significant draw-
err back. The present generation of flowable chemically and light-activated 

resinn composites undergo a free volumetric shrinkage of 4 to 9 %. For 
non-flowablee or condensable composites, this value ranges from 2 to 5 
vol%,, with most values near 3.5 vol% [4-6, 23]. 

Severall  variables are known to influence polymerization shrinkage. 
Onee variable is the size of the monomer molecule undergoing 
polymerization.. The larger the molecule before polymerization, the 
lowerr the polymerization shrinkage for a given volume of monomer. [22, 
25-27].. Another variable is the volume fraction of the inorganic filler, 
includingg prepolymerized resin powder, within the composite. High 
fillerr loading results in lower polymerization shrinkage [23]. This rela-
tionn holds true until the point where a relatively high level of filler 
resultss in a clay-like paste, owing to increased viscosity. At high filler 
loading,, the proportion of diluents (small monomers) in the resin system 
mustt increase to ensure acceptable handling properties. However, this 
additionn may negate the effect of the high filler loading on polymer-
izationn shrinkage. Moreover, composite with high filler loading results 
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inn a high degree of stiffness, which ultimately causes high shrinkage 
stress.. Finally, the nature of the resin undergoing polymerization plays 
ann important role in shrinkage. Several research groups are currently 
attemptingg to develop new resins that undergo less polymerization 
shrinkagee [28, 29]. Commercial development of these resins may be 
manyy years away, as the process of gaining acceptance by the Food 
andd Drug Administration (FDA) is time-consuming and expensive. 
However,, if such resins ultimately are developed, they wil l largely 
eliminatee the clinical consequences of polymerization shrinkage and 
wil ll  allow simple bulk placement of the material. 

Stress s 

Itt should now be clear that shrinkage of resin composites, which up 
too now has been regarded as inevitable, must be controlled and directed 
towardd the preparation walls, to prevent gap formation. However, as a 
resultt of adhesion to preparation walls, volumetric shrinkage is 
constrained.. This constraint, in combination with an increasing modulus 
off  elasticity, inevitably leads to development of stress. Although loss of 
adhesionn from the tooth structure can occur at any time, the most likely 
momentt is when the magnitude of shrinkage stress exceeds the strength 
off  the developing restoration-tooth bond. 

Inn principle, a shrinking material pulls away from the weakest bond. In 
dentall  practice, the weakest bond is generally the free, unbonded surface 
off  the restoration, provided that good adhesion between the restoration 
andd the tooth is achieved. Adhesion to dentin is usually enhanced by the 
usee of etching techniques, conditioners, bonding systems, and other 
meanss [30]. Although of crucial importance, the subject of bonding 
systemss is beyond the scope of this review, and in the remainder of the 
chapterr an optimal adhesion between the tooth and restoration is 
assumed. . 

AA large portion of shrinkage occurs in the early stage of the setting 
reaction:: after about 15 minutes for chemically activated materials, and 
afterr about 60 seconds for light-activated materials (Fig. 2.3). Thus, 
problemss associated with adhesion loss often start during this early 
stagee of setting, occasionally even before the patient has left the dentist's 
chair. . 

Voidss or microcracks in the restoration are formed during polymeriza-
tion,, when local stress exceeds polymer network strength. These voids 
andd microcracks, as well as poor interfacial adhesion between filler 



andd matrix, can induce cohesive restoration fractures [31]. 
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Figur ee 2.3 Relation between axial shrinkage stress (y-axis) and axial shrinkage 
strainn (x-axis) of a chemically activated resin composite (Silar, 3M) and an 
analogouss light-activated resin composite (Silux Plus, 3M) during setting at room 
temperaturee for 1 hour. The chemically activated composite (C=0.5) was mixed 
1:11 w/w and the light-activated composite (C=1.0) was exposed for 40 seconds 
withh a light unit (Elipar Highlight, standard mode, ESPE) at the distance of 4 mm. 
Thee light intensity at the light exit tip was 600 mW/cm2 (radiometer, model 100, 
Demetron).. Note temperature effect after light exposure and difference in 
onsett shrinkage strain. 

Stresss re l ief 

Twoo factors have a major impact on the ultimate stress level of the 
restoration:: the chemical and physical properties of a material, and the 
wayy a material is handled during its application. The material properties 
aree largely determined by the manufacturer, although a practitioner 
cann influence those properties to some extent. For example, a dentistt can 
alterr the ratio of a two-paste system or use special curing lights and light-
curingg procedures that affect polymerization rate and degree of conver-
sionn [32-35]. Obviously, this manipulation wil l also influence the final 
materiall  properties. The choice of a specific material, application method, 
orr type of restoration can also have an impact on the ultimate quality of 
thee restoration. This statement implies that practitioners must have 
considerablee material expertise if they are to make a well-informed 
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decisionn in favor of a particular material or application method. 

Chemicall  and physical propert ies 

Forr minimal impact on the integrity of a restored tooth, stress 
developmentt must be minimized. One possible solution would be a 
reductionn in the amount of polymerization shrinkage. Changing the 
chemicall  and physical properties of composite materials in such a way 
thatt shrinkage stress is no longer a problem is primarily the concern of 
thosee developing new resin composites. The development of non-
shrinkingg materials (shrinkage lower than 0.4 % of volume) might be a 
solution,, but unfortunately there is no nonshrinking material on the 
dentall  market that can compete on all levels with conventional 
compositess [29, 36-38]. Moreover, the solution of one problem might very 
welll  create a new one (e.g., water sorption after setting might frustrate 
thee high expectations of a nonshrinking material). 

Anotherr approach to reduce shrinkage stress is to modify the resin 
compositionn so that the polymerization rate is lowered without 
influencingg the degree of conversion. A slow polymerization rate may be 
expectedd to increase the ability of the material to flow without damaging 
itss internal structure. In a restorative material with increased flow 
capacity,, the volume change attributable to shrinkage is compensated by 
materiall  flow from the unbonded, outer surface, ultimately resulting in 
lowerr stress. Resin composites can be chemically modified to reduce the 
polymerizationn rate in various ways. Use of less reactive resins is one 
possibility,, but this method may have a negative effect on degree of 
conversion,, resulting in more residual, unreacted monomer remaining 
inn the polymerized composite [39]. Addition of retardative agents 
requiress a careful choice of biocompatible chemicals [40]. Reducing the 
amountt of initiator system components requires no other chemicals 
thann those already used in current systems 141-42]. However, a balance 
mustt be found between a low reaction rate, on the one hand, and 
adequatee conversion of the monomers, on the other hand. In all 
probability,, the best way to obtain a lower polymerization rate in light-
activatedd resin composites, together with a sufficiently high conversion, 
iss by wil l developing new initiator systems. 

Floww / viscoelastic behavior 

Thee solutions to stress reduction previously mentioned are mainly of 
interestt to researchers and manufacturers of composites. However, the 
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dentistt has to deal with a wide variety of commercial products. Although 
materialss differ in monomer composition, concentration of initiating 
system,, filler type, size, loading, and coating, resin composites can be 
dividedd into two general groups on the basis of the initiation system: 
light-activatedd and chemically activated composites. Light-activated 
resinn composites are popular among dentists because they can be "cured 
onn command". However, it has been demonstrated that, under the same 
conditions,, light-activated composites generate higher polymerization 
shrinkagee stress and more exothermic heat than the analogous 
chemicallyy activated composites [43-44]. Dental literature has given 
considerablee attention to a variety of methods designed specifically for 
light-activatedd resin composites, to reduce internal stresses in the 
restoredd tooth [45]. 
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Figur ee 2.4 Setting of dimethacrylate (resin) phase in dental composites. The 
restorativee composite is transformed from a viscoelastic liquid, in which the 
viscouss flow predominates over the elastic behavior, into a viscoelastic solid, 
wheree the elastic behavior predominates over the viscous flow behavior. 

Owingg to the presence of the polymer matrix, dental resin composites 
exhibitt viscous as well as elastic characteristics. The combination of 
thesee effects is called viscoelasticy. The molecular origin of the viscous 
floww property is the sliding of polymer-polymer segments or filler-
polymerr segment along one another. For elasticity, it is the 
elongation/compressionn of the filler and polymer segment. Elastic 
deformationn of a polymer segment occurs by rotations along the polymer 
backbone.. In this situation, the polymer has high local mobility, while 
thee overall mobility of the chain is blocked (Fig. 2.5). The energy spent to 
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producee elastic deformation is recoverable, whereas that for viscous 
floww is permanent. 

Figur ee 2.5 The elastic deformation of a polymer subchain within the specimen 
(brokenn line), (a) indicates an unstretched specimen, and (b) the same spec-
imenn after elongation in the z direction . Assuming that no volume 
changee accompanies the deformation, the x and y dimensions of the volume 
elementt (solid line) as well as the specimen are decreased by 1/a l/2 compared 
too the original dimensions (subscript 0) [21]. 

Duringg the early stage of polymerization, monomers are mainly 
convertedd into polymeric chains. After a certain degree of conversion has 
beenn attained, the predominant reaction is the cross-linking of the poly-
mericc chains, resulting in a strong polymeric network [46]. Although 
duringg the chain-growing period material viscosity rapidly increases, the 
polymericc chains can still slide along one another to relieve stress (Fig. 
2.4).. When the cross-linking reaction becomes predominant, there is 
lesss ability of individual polymer chains to slide. At this stage, usually 
denotedd as the post-gel phase, the polymeric chains reach sufficient 
moduluss of elasticity to develop a strong, rigid viscoelastic material. Any 
furtherr composite shrinkage wil l generate mechanical stress in the 
restoration.. When adhesion survives the stress, microcracks or, in severe 
cases,, voids can be generated in the viscoelastic material. 
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Reductionn of the negative effects of shrinkage stress can be controlled 
byy practitioners; it involves the design of the preparation and the 
methodss used to apply a restoration. The relation between the shape of 
aa preparation and shrinkage stress development in composites has been 
demonstratedd by Feilzer et al. [47]. In this context, the shape of the 
preparationn is often described by means of the configuration factor (C-
factor). . 
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Figur ee 2.6 (a) The relation between different schematic, rectangular restora-
tions,, the corresponding configuration (C) factor values, and standard Class II, 
IV,, and V restorations [47]. (b) Time-axial shrinkage stress relation of a chem-
icallyy activated resin composite (Silar, 3M) during setting at room temperature 
forr various C-factor values. 

Thee C-factor denotes the ratio between the bonded and the free area of 
thee restoration. It should be noted that the term "bonded area" means 
bondedd to a rigid surface. In general, more bonded area leads to higher 
shrinkagee stress, since composite flow is largely restricted to the small, 
freee area of the material. This factor explains why the adhesive Class IV 
restorationn has proved to be so successful, whereas other classes, in 
whichh the restoration is bordered by preparation walls (i.e., a high C-
factor),, often display marginal defects. The practitioner is in full control 
off  preparation design; however, there are many other factors that influ-
encee the actual shape of the preparation, including some with an unde-
sirablyy high C-factor. The next section reviews several methods by 
whichh practitioners can reduce the impact of shrinkage stress on the 
qualityy of a restoration with a high C-factor. 
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Layers,, liners and porosities 

Thee methods described in this section to reduce the effects of 
shrinkagee stress are all based upon a reduction of the effective C-factor. 
Forr preparations with a large C-factor (Class I and V), the dentist can 
applyy a restorative material in several layers or increments. The 
advantagee of this technique is twofold: (1) the C-factor for a small incre-
mentt is lower than for bulk filling ; and (2) small-increment light-acti-
vatedd composites can be more thoroughly polymerized, since light 
intensityy diminishes with the fourth power of light penetration [48]. Off 
course,, the main disadvantage of this method is that it is a time-
consumingg procedure [49-50]. 

Itt is thought that, when the walls of a preparation with an unfavorable 
(i.e.,(i.e., high) C-factor are covered with a relatively thick layer of a low 
elasticc modulus material, the bulk shrinkage of the main restoration 
acquiress some freedom of movement from the adhesive liner [51-52]. 
Thiss concept is feasible when the liner extends to the cavosurface 
margin.. Additionally, the elastic liner between the tooth and composite 
iss often less wear-resistant at the restoration surface, resulting in surface 
pitting,, which may provide a site for bacteria growth [53]. 

Thee real effect of a low modulus lining material is probably its 
contributionn to a more equal distribution of tensile and shear stresses 
overr the adhesive interface. This material could dissipate the shear 
peakk stress and generate no high polymerization shrinkage stress on the 
adhesivee layer. Thus the adhesive, which is oftenly often not properly 
polymerized,, owing to oxygen inhibition, is given time to polymerize 
beforee the high-bulk shrinkage stresses of the overlying higher filler-
loadedd composite begin to act on it. Although the mechanisms are not 
clear,, layering and low modulus liners are now generally accepted as 
meanss of reducing polymerization shrinkage stress. Both methods have 
thee disadvantage of additional time-consuming steps during restoration. 
Thee literature provides no clarity with respect to the "sandwich tech-
nique",, in which glass ionomer cements are used as liner [54]. 

Deliberatelyy admixing small air bubbles into a composite prior to use 
resultss in porosities in the polymerized composite. These porosities 
cann be considered as unbonded areas, and they lead to a lower effective 
C-factorr and, thus, lower shrinkage stress [43-55]. However, it should be 
keptt in mind that porosities can have a negative effect on other 
compositee properties (i.e., water sorption, Young's modulus, wear etc.). 
[56-58].. For this reason, the practice of deliberately inducing porosities 
inn a composite should be discouraged. 
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AA recent method designed to reduce the polymerization rate of light-
activatedd resin-based materials involves varying light intensity on the 
restoration,, either by reducing the output of the curing light or by 
increasingg the distance between the light exit tip and the composite 

«>> [32, 59, 60]. A significant problem presented by the use of low light 
§§ intensities is a reduced curing depth, which further declines when the 
oo quality of the light source in the curing unit deteriorates with age [61-64]. 
^^ A predictive model for depth-of-cure devised by Rueggeberg et al. 
q,, suggests that the duration of setting compensates for the lower intensity 

[65].. Although present-day conventional light-activated composites 
weree developed for traditional procedures with a conventional halogen 
lightt source (40-60 s exposure with light intensity 600 mW/ cm2), many 
studiess report significantly lower exposure durations involving new 
lightt units [33, 59, 66-68]. However, a valid comparison between light 

**  units requires that the spot diameter, intensity, wavelength distribution, 
Q.. exposure duration, and distance between light exit tip and composite 
55 must be specified. Failure to specify these parameters makes comparison 
«« between light units impossible. The physical and mechanical properties 

off  composites are greatly influenced by the extent to which the resin has 
beenn polymerized [34, 69, 70]. As polymerization efficiency and a lower 
polymerizationn rate may be diametrically opposed to each other, a 
balancee must be found between low shrinkage stress, on the one hand, 
andd a adequate monomer conversion level, on the other [71]. 
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Waterr Hygroscopic expansion 

Thee hygroscopic properties of a composite, although difficult to 
determine,, can influence ultimate shrinkage stress [72-78]. Hygroscopic 
expansionn (swelling) due to water sorption from saliva may, after 
setting,, substantially relieve shrinkage stress [79]. Unfortunately, 
swellingg is much more marked for restorations with a low C-factor, in 
whichh shrinkage stress is not as great a problem. In the case of high C-
factorr restorations, the surface of the restoration, which is exposed to the 
orall  cavity, wil l initially gain in volume. This gain produces a gradient 
fromm the outer surface to the bulk of the restoration, thus adding 
additionall  stress. Finally, owing to the slow process of water sorption 
fromm saliva, stress relief may come too late, after fractures have already 
formed.. Although water sorption in generally recognized as a stress-
relievingg mechanism, there are few quantitative data available to assess 
itss true impact. After a prolonged period of swelling, nonshrinking 
compositess may encounter major problems related to expansion stress in 
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somee types of restorations (e.g., mesio-occlusodistal (MOD) restorations). 

Conc lus ion n 

Inn the past 10 years, a great deal of effort has been made toward the 
developmentt of nonshrinking and even expanding composite materials 
forr dental appl icat ions. However, at present, the dental pract i t ioner 
stilll  has to deal with shrinking resin composites and the accompanying 
problems.. Because there is as yet no easy, general solut ion to these 
prob lems,, a p roper unde rs tand ing of the mechan isms causing the 
problemss and the methods that can be used to reduce their impact on the 
qual i tyy of a res tora t ion is of crucial impor tance. The in format ion 
presentedd is in tended to help the pract ioner obtain maximum benefit 
fromm the selection and appl icat ion of resin composites. 
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EXPERIMENTALL CONSIDERATIONS 

Basedd on the articles: 
Dauvillierr BS, Feilzer AJ, De Gee AJ, Davidson C L (2000): Visco-elastic para-
meterss of dental restorative materials during setting, J Dent Res 79:818-823. 

Dauvillierr BS, Hübsch PF, Aarnts MP, Feilzer AJ (2001): Modeling of viscoelastic 
behaviorr of dental chemically activated resin composites during curing, 

JJ Biomed Mater Res (Appl Biomater) 58:16-26. 
Dauvillierr BS, Aarnts MP, Feilzer AJ (2002): Modeling of the viscoelastic 

behaviorr of dental light-activated resin composites during curing, Denf /Wafer 
(accepted). . 

Abstract t 

Thiss chapter describes the results of the process of optimizing an automated 
universall testing machine by which reliable stress-strain data can be obtained 
onn the mechanical behavior of dental restorative materials during setting. The 
contentss will be of interest to those who are not familiar with mechanical 
testing,, or who are not aware of the pitfalls involved in the dynamic testing of 
smalll amounts of setting materials. The test system displays high versatility, and 
iss capable of performing various static and dynamic tests related to axial 
tensionn and compression. The deformation signal feedback loop permits the 
crossheadd to accurately perform sinusoidal deformations on the shrinking 
specimenn on a submicrometer level. The electronics used to process the 
signalss excludes the risk of electronically based phase shifts in stress-strain 
measurementt when submicrometer deformations are applied at frequencies < 
11 Hz. The use of a light sensor device proved capable of detecting the initiation 
andd duration of the light irradiation process for cure-on-demand materials. 
Preliminaryy experiments on commercially available chemically activated and 
light-activatedd resin composites indicate that the universal testing machine is 
highlyy useful for detailed static and dynamic studies of the mechanical behavior 
off dental restorative materials during setting. The sophisticated mechanical 
experimentss provide a sound basis for characterizing the mechanical properties 
off dental restorative behavior during setting by means of modeling. 



In t roduct io n n 

Appropriatee modeling of linear viscoelasticity of dental resin 
compositess during setting requires a good understanding of the 
mechanicall  properties of the materials involved. Experimental tests are 
necessaryy to find out the important characteristics of the composites, and 
hencee provide the data for the modeling investigation of linear 
viscoelasticc behavior of dental composites during setting. 

Inn the next section, several mechanical test methods for measuring the 
mechanicall  behavior of materials were screened for use as test method 
inn this research project. The choice of test method is made on 
requirementss that must be met by the method when dealing with 
shrinkingg dental resin composites. Various tests were performed on 
commerciallyy available dental resin composites to characterize the 
mechanicall  behavior of setting composites, and to make an inventory of 
thee possibilities and limitations of the chosen, and in this project further 
improved,, dynamical test system. Details of the equipment, experimental 
proceduress and materials are given in the remainder of this chapter. 
Unlesss stated otherwise, the mechanical tests referred to in other 
chapterss are performed as described in this chapter. 

Choicee mechan ical test me thod 

Differentt mechanical test methods and testing instruments for 
measuringg the mechanical behavior of materials have been standardized 
andd are described in the publications of the American Society for Testing 
andd Materials [1]. Besides the ASTM standard tests, also general 
referencee books have been published on testing polymers and 
viscoelasticc materials [2-4]. For selecting the test method for measuring 
thee mechanical behavior of dental resin composites during setting, it is 
necessaryy to make an inventory of requirements that must be met by the 
method. . 

Requirementss mechanical method 

Thee most important requirement of all is that the method must 
producee reliable experimental data of dental resin composites. To be 
genuinelyy useful, the method must generate data (i) with high 
acquisitionn rate to ensure proper characterization of the material 
propertiess by means of modeling, (ii ) without the influence of the 
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instruments,, electronics, and software as used in the method, (iii ) which 
iss representative for the whole material under study rather than on one 
(weak)) part of the material, and (iv) without damaging the internal 
structuree and/or affecting the setting process of the material. 

Ass our investigation is focused on dental resin composites, the test 
methodd must be suitable for chemically activated as well as light-
activatedd composites. This means that the method has to deal with 
materiall  size close to clinical amount in which the structure changes from 
softt to hard in a short period in time. In the case of light-activated 
composites,, the instrument must be accessible for positioning a dental 
lightt source nearby the specimen. 

Itt must be possible to apply deformations in the submicrometer range. In 
thiss case, the straining of the material is within the range of linear 
viscoelasticityy (<0.5 %). As a result, the mechanical behavior of dental 
resinn composite can be modeled with simple linear viscoelastic models, 
consistingg of springs and dashpots. The choice for applying deformation 
insteadd of load was based on the findings that it was difficult to control 
thee applied load on a shrinking composite wherein the structure changes 
rapidlyy from soft to hard. Deformation applied as a continuous known 
functionn in time (e.g., sine shape) is preferred, because this would 
greatlyy reduce the computational effort as the model equations could be 
solvedd analytically to yield the stress as a function of the unknown 
materiall  parameters and strain (appendix A). 

Itt is important that straining and stressing of the setting material is 
homogeneouss and that the distribution of both variables is well defined. 
Further,, to reveal as much as information about the material behavior 
underr shrinkage strain rate conditions, the test method must be feasible 
withh many specially designed test procedures (requires sophisticated 
softwaree and flexible instrumentation). Our main interest is focused 
onn monitoring the mechanical behavior under shrinkage strain rate 
conditions.. This means that the test method must be able to apply 
deformationss in the low frequency range of 0.001-1.0 Hz. 

Att last but not at least, some form of temperature control must be used, 
becausee changes in temperature does not only affects the setting process, 
andd as a result the viscoelastic properties, but also produce expansion or 
shrinkagee of the materials, resulting in thermal strains and stresses. In 
addition,, some water control is also desired, because dental restorative 
materialss in functioning are exposed to saliva. In the next section, 
severall  mechanical test methods wil l be screened and the choice of test 
methodd is made on requirements as stated above. 
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Inn general, mechanical test methods for measuring mechanical 
behaviorr can be divided in two groups: static and dynamic test methods. 
Inn static test methods the material can be (i) forced a given amount and 
thee change in length of the specimen in time is measured, (ii ) deformed 
aa given amount and the change in force of the specimen in time is 
measured,, or (iii ) deformed at a constant rate and the buildup of force is 
measured.. Since we are dealing with setting restorative materials in 
whichh the structure changes with time, tests under (i) load control or (ii) 
deformationn control reveal the axial shrinkage strain or stress 
developmentt with time [5-9]. Dynamic test methods measure the 
responsee of a material to pulse or oscillatory sinusoidal cycling. The 
dynamicc behavior of setting resin composites is of interest since it 
providess us additional information, especially in the remainder of the 
settingg process, were the shrinkage strain rate is slow. 

Experimenta ll  method s 

Ultrasoni cc method s Dynami c (wave) method s Stati cc  method s 

Resonantt vibrations 
Creep,, relaxation 

Driven,, subresonant oscillations Creep,, by a patient 
experimenter r 

Ultrasound d Sound d 
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Figur ee 3.1 Summary of experimental methods in time and frequency domains [3]. 
Thee gray area represents the frequency region of interest for this research 
project. . 

Theree are many types of dynamic instruments, each limited for a certain 
frequencyy range, but together capable of covering the range from a 
smalll  fraction of a load cycle per second up to millions of load cycles per 
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secondd (Fig. 3.1). The general type of dynamic instruments are nonres-
onantt vibration (torsion pendulum, rheometer, servo(hydraulic) 
controlledd universal testing machine), resonance vibration (pulse 
inducedd vibrometer), and wave (ultrasonic) instruments. The 
instrumentss measure either shear, tensile, bending, torsion, or biaxial. 
Thee instruments are described in detail in literature [1-4]. 

Ourr interest is focused on monitoring the mechanical behavior under 
shrinkagee strain rate conditions. Therefore, ultrasonic methods [10-12] 
andd resonant vibration methods [13-16], which are used to determine the 
materiall  response in the high-frequency range (Fig. 3.1), are not of 
interest. . 

Thee torsion pendulum method performs oscillations in the low (0.1-
1200 Hz) frequency range [17-20]. However, the disadvantage of this 
methodd is that the materials under study must have been set to a 
sufficientt degree of hardness in order to remain the specimen shape. In 
addition,, a large amount of material is necessary, and it is complicated 
(orr even impossible) to measure the torsion deformation on the material. 

Twoo instruments are candidates for monitoring the polymerization 
reactionn of resin composites in the subresonant vibration range, namely 
thee rheometer (shear) and the universal testing machine (compression, 
tension,, and torsion). The oscillating rheometer according to Wilson 
[21]]  is the most popular device in dental research for monitoring the 
rheologicall  properties of chemically activated [22] and light-activated 
[23]]  dental restorative materials. The lack of possibility to control the 
appliedd oscillatory deformation to the material results in a decrease of 
thee amplitude of the oscillating response when the stiffness of the mate-
riall  increases. As a consequence, the instrument can only monitors the 
earlyy stage of setting. Since we want to monitor the mechanical behavior 
throughoutt the setting process, this oscillating rheometer according to 
Wilsonn is not suitable for our research project. 

Nowadayss commercially rheometers (Rheometric, Triton, Bohlin, 
HAAKE)) and universal testing machines (Zwick, Instron, Hounsfield) 
havee become available to perform controlled stress and strain tests on 
materials.. Traditionally, the rheometer and the universal testing machine 
aree designed especially for large amount of material, respectively 
liquids,, suspensions, pastes ([24-26]) and solids ([27]), for which the 
structuree do not or slowly (physical ageing) change with time [28]. 
Bothh instruments are capable of performing a wide range of static and 
dynamicc tests. 



Twoo aspects of the universal testing machine were decisive for the 
choicee for using this testing method in this research project. First, the 
universall  testing machine can measure the shrinkage load development 
off  setting composite in the longitudinal direction, while this material 
behaviorr cannot be determined by a rheometer (transverse direction). 
Second,, the study of Feilzer and co-workers showed that with proper 
adjustmentss on a commercial universal testing machine it was possible 
too measure the mechanical behavior of setting dental restorative on a 
submicrometerr level [7]. 

§§ For generating reliable data, certain aspects of a commercial testing 
"55 machine have been improved. With the knowledge gained in this 
,gg modification process a second automated testing machine was developed 
'3>> and produced at the Department of Dental Materials of ACTA. Both 
oo testing machines were capable of performing various tests on dental 
-- restorative materials during setting. 
c c 
gg Several tests were carried out on a control (steel) specimen, and 
gg commercially available dental restorative composites for the purpose to 
g-- evaluate the limitations of the testing machine in generating stress-

strainn data on dental restorative materials during setting. Since both 
-—— testing machines were capable of generating data on the same level of 
"  accuracy, the limitations found for the modified commercial testing 

machinee is also valid for the home-build testing machine. 

CD D Testt  equipment and facilities 

Universall  testing machines 

Thee experiments were conducted on two automated servo-controlled 
testingg machines: a commercial Hounsfield (Fig. 3.2) and a home-build 
ACTAIntensee (Fig. 3.3). To enable the recording of periodically applied 
deformationn cycles on a micrometer level, the gearbox of the commercial 
testingg machine was modified to eliminate the play when the motion 
directionn of the cross head was reversed. At the same time, the maximum 
crosss head speed was reduced to 40 mm/min. The maximum cross head 
speedd of the ACTAIntense was 200 mm/min. The minimum cross head 
speedd cannot be strictly specified, as it is regulated by the settings in the 
applicationn software. Both machines were equipped with a load cell of 
10000 N and connected, via a data-acquisition console, to a desktop 
computer.. The load cell was regularly checked with standard weights 
andd calibrated if applicable. 
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^ I X T ^^  Specim e 

.. Adjustment bolt 

LVDTT transducer 

(d) ) 

Figur ee 3.2 Test system: (a) modified universal testing machine (H10KM, 
Hounsfield),, (b) data-acquisition console (20-90, Intrumat), (c) extensometer 
(Millitronn 1202D, Mahr), (d) Pentium Pro computer (Intel/200 MHz), and (e) 
specimenn mounting device with two LVDT transducers (1300, 0 mm, Mahr). 

Applicationn software for Windows® 95/98 was developed for controlling 
andd monitoring the experiment and collecting the data (time, load, 
deformation,, temperature, and light irradiation signal). Throughout 
thiss investigation, the chemically activated resin composites were 
measuredd solely on the modified Hounsfield machine and the light-
activatedd composite solely on the ACTAIntense. This strict distinction 
wass a consequence of the course of time within this research project, 
weree the study on light-activated composites coincided with the 
productionn of the ACTAIntense testing system. 

Specimenn mounting device 

Inn the experiments, two specimen mounting devices were used: one 
forr chemically activated materials (Fig. 3.2), and one for light-activated 
materialss (Fig. 3.3). The device for the chemically activated materials was 
basedd on the same principle as described by Alster et al. [29]. The upper 
steell  disk was connected to the cross head and the lower steel disk to the 
stationaryy part of the framework. 



Figur ee 3.3 Test system: (a) home-build universal testing machine 
(ACTAIntense,, ACTA), (b) data-acquisition console (20-90, Instrumat), (c) 
extensometerr (on photo: (Millitron 1202D, Mahr); used: CAH dual channel 
card,, Dimed), (d) Pentium II computer (Intel/366 MHz), and (e) specimen 
mountingg device with two LVDT transducers (Solartron AX/1, -2.0 mm, Dimed). 
Seee also titelpage photo for specimen mounting device. 

Inn the mounting device for light-activated materials, the lower steel 
diskk was replaced by a glass plate, thereby creating a light activation 
methodd which simulates the clinical situation as close as possible. The 
glasss plate was mounted on a steel tube, which was screwed in the 
metall  basement attached to the stationary part of the framework. The 
metall  basement provides enough space for various types of dental light 
sources. . 

Byy using these special designed mounting devices two requirements 
weree met for performing reliable measurements on small amount of 
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materials.. First, the applied submicron deformation was measured 
directlyy at the level of the specimen by two LVDT1 transducers. In this 
situation,, the compliance of the testing machine (bars, joints, load cell), 
whichh can introduce errors in the situation were the deformation of 
thee specimen is measured by the displacement of the motor, was circum-
vented. . 

Steell disk 
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Figur ee 3.4 Dental restorative material bonded in specimen mounting device. 

Second,, the axial deformation was applied on cylindrical shaped 
specimen,, thereby generating uniform tension or compression load in the 
specimen.. With the bonding procedure, the normal load in the 
cylindricall  specimen is distributed uniformly over the ends of the 
specimenn and as a result, the load pattern at the end wil l be the same as 
everywheree in the specimen (Fig. 3.4). Deformation in the bonding 
layers,, which was spread out in a thin layer, was assumed to be 
neglectablee small. 

Thee signals of the two transducers were averaged, thereby reducing 
thee noise in the deformation data and cancelling tilting effects. This 
averagedd signal was fed back into a control loop, embedded in the 
applicationn software, for fine-tuning the motor-driven cross head 
movementt on the specimen (Fig. 3.5). To avoid the risk of bending 
underr compression, the length/diameter ratio of the cylindrical 

'Linearr Variable Differential Transformers [31 
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specimenn was chosen to be within the range of 0.15-1.0 [30]. 
Unfortunately,, it was not possible to implement a device in the specimen 
mountingg device for monitoring the lateral deformation (perpendic-
ularr to the direction of the applied deformation) of the specimen. As a 
result,, no Poisson's2 ratio v(t) could be determined. 
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Figur ee 3.5 Feedback loop for fine-tuning the cross head movement on setting 
restorativee material . 

Spec imenn preparat io n and bond ing procedure 

Chemicallyy activated resin composites 

Thee freshly mixed resin composite (1:1 w/w) was inserted into a 
cylindrical,, lightly greased, and deformable paper matrix that was 
placedd around two parallel opposing steel disks (Fig. 3.4). To ensure 
optimall  bonding between the resin composite and the disks, the bonding 
surfacee of the steel disks was wet ground smoothly with sandpaper 
gritt 600, sandblasted with aluminum oxide (Korox, 50 jim, Bego) for 
approximatelyy 2 minutes under 5 bar air pressure, rinsed with acetone, 
2v(t)) = -lateral strain(t)/axial strain(t) [30] 
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dried,, and silanized with the Silicoater technique (Kulzer), introduced 
byy Tiller and Musil [31-32]. The technique consists of fusing a thin, 
silicatee layer (SiOx-C) on the surface of the alloy [33]. After that, a silane 
couplingg agent is spread on the silicate layer, which provides the 
chemicall  bonding to dimethacrylates composites. Contrary to the 
manufacturer'ss recommendations, neither the Silicoater Opaquer nor any 
otherr bonding resin was used to protect the silanized surface from 
hydration.. To avoid impairment of the adhesion, the resin composite was 
placedd between the opposing steel disks within 30 minutes [31]. 

Thee disks had a diameter (d) of 5.4 mm and were separated by a distance 
(h)) of 5.0 mm, creating a bulk restoration with a C-factor of 0.5 (=d/2h). 
Priorr to the start of the experiment the upper steel disk was moved 
downn until it reached the pre-adjusted height of the specimen. The 
startt of the experiments always took place within the working time of the 
chemicallyy activated materials. 

Light-activatedd resin composites 

Thee light-activated resin composite was inserted into a cylindrical, 
lightlyy greased, Teflon mold that was placed on the glass plate (Fig. 3.4). 
Too ensure optimal bonding between the composite and the glass plate 
(floatt glass, Bakker), the glass surface was gently sandblasted with 
aluminumm oxide (Korox, 50 /*m, Bego) for approximately 20 seconds 
underr 4 bar air pressure, rinsed with acetone, dried, primed (RelyX 
ceramicc primer, 3M), and finally coated with a pressurized air spread 
adhesivee layer (Scotchbond Multi-purpose, 3M), which was light-cured 
forr 40 seconds (Elipar Highlight, standard mode, ESPE). The bonding 
surfacee (d=3.1 mm) of the steel disk was prepared as described in the 
previouss section. The Teflon mold had a diameter (d) of 3.1 mm and 
heightt (h) of 1.6 mm, creating a layer restoration with a C-factor of 1.0 
(=d/2h).. The composite layer thickness was thin enough to ensure 
properr light activation [34], and thick enough to exclude the effect of 
compliancee of the specimen mounting device [35]. 

Material s s 

Thee materials used in this investigation were two commercially 
availablee chemically activated resin composites (Clearfil F2, batch CU-
02355 & CC-0135, Kuraray and Silar, batch: A-4KE1 & B-4KH1, 3M) and 
twoo commercially available light-activated resin composites (Z100 MP 
A3,, LOT: 19981009, 3M and Silux Plus, LOT: 19981015, 3M). A steel 



specimenn (Fig. 3.6) served as a control. The chemically activated 
compositess were handled and mixed (1:1 w /w) according to the 
manufacturer'ss instructions, while the light-activated composites were 
polymerizedd for 40 seconds with a light curing unit (Elipar Highlight, 
standardd mode, ESPE) at a distance of 4 mm. The intensity at the light 
exitt tip (0=8.95 cm) was 600 mW/cm2 (hand-held radiometer, model 100, 
Demetron). . 
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Figuree 3.6 Steel specimen. 

Testingg and measurement 

Differentt static and dynamic tests were performed to evaluate the 
limitationss of the testing systems, and to check if the system satisfies the 
requirementss that must be met for generating data of the mechanical 
behaviorr of dental restorative materials during setting. The choice for 
applyingg deformation cycles instead of load cycles was based on the 
findingss that it was difficul t to control the load cycles on a material 
whereinn the stiffness changes rapidly from soft to hard. The applied 
deformationss were kept small (1.0-2.0 ^m) in order to generate stresses 
thatt can be studied with linear viscoelastic models [36]. 

Staticc test: axial shrinkage stress development 

Inn this static test, axial shrinkage of the specimen was prevented by 
thee cross head in keeping the original height of the specimen constant. 
Thiss process was controlled by the displacement signal of the LVDT 
transducers,, which drove the cross head back to the original specimen 
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heightt as soon as axial shrinkage was registrated. Under this constraint 
condition,, the increase in material stiffness wil l lead to the development 
off  shr inkage forces in the specimen, which was moni tored by the load 
cell.. The normal stress (o) was calculated using the following equation: 

F F 
00 = - (3.1) 

A A 
inn which A is the cross-sectional area of the cylindrical specimen (m2), 
andd F the recorded load response of the specimen (N). 

Sincee stress data plays a crucial role in the choice of the model and 
calculationn of its material parameters (Fig. 4.3), the reproducibil ity of the 
stresss data must be analyzed. Therefore, repeated exper iments on one 
chemicallyy activated composite and one light-activated composite were 
performedd at constant specimen height; i.e., keeping the deformation 
signall  at 1 ^m. 

Afterr insert ion of the freshly mixed Silar (1:1 w / w ) into a cylindrical 
paperr (d=3.1 mm), the disk-to-disk distance (h) was set at a pre-adjusted 
valuee of 5 mm (C=1.0), and the experiment on the Hounsfield 
machinee was started. For the same purpose, Silux Plus was inserted 
intoo a Teflon mold (d=3.1 mm), the disk-to-glass distance (h) was set at 
aa pre-adjusted value of 5 mm (C=1.0), and the experiment on the 
ACTAIntensee was started 5 s prior the light irradiation process. The light 
i r radiat ionn process wi th durat ion of 40 s was measured with a home-
buildd light sensor device at the level of the specimen. With the cross head 
speedd set at 0.025 m m / m i n, and the extensometer set at the lowest 
deformationn range of 20 ^m, the original specimen height could be kept 
constantt within 1 ^m. The data were collected simultaneously by the 
computerr (software vers ion 3.14) at a rate of 18 points per second. 

1000 0 20000 3000 
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Figur ee 3.7 Repeated shrinkage stress curves (n=3) for Silar (C=1) and Silux 
Pluss (C=1). For clarity, the results of the light-activated composite are shown at 
twoo different time-scales. 



Thee experiments (n=3) were performed at room temperature 1 °C). 

Thee position of the light sensor appeared adequate for detecting 
accuratelyy the start and duration of the light irradiation process. Hereby, 
thee experimenter could assign stress-strain data correctly to the setting 
timee of light-activated composites. 

AA requirement for measuring load with a mechanical transducer is that 
thee internal structure of the restorative material has achieved enough 
strengthh to overcome the elastic resistance of the load cell. Under the 
experimentall  conditions (temperature, specimen geometry, load cell 
capacity)) the chemically activated Silar stays 4 minutes in the pre-gel 
phase,, in which the viscous flow behavior predominates over the elastic 
behavior,, while the analogous light-activated Silux Plus (Fig. 3.7) stays 
onlyy 2 seconds in this favorable stress-free stage of setting. The longer 
pre-gell  phase of Silar is a result of the slower polymerization reaction 
ratee of the material [36]. The slow shrinkage stress development of Silar 
iss clinically favorable, because the integrity of the composite-tooth 
interfacee is slowly challenged during the early phase of polymerization, 
whenn the bond between the tooth tissue and the composite is still 
maturing.. Since the attained stress values were lower or just reached into 
thee range of reported tensile bond strengths of dentin bonding agents 
[37],, the early maturing dentin-bond composite interface wil l survive the 
shrinkagee stresses, which enhanced the chance on a tight sealed 
restoration. . 

Severall  operation stages in the experiment method (specimen 
preparation,, temperature, data-acquisition) are subjects to errors, which 
togetherr determine data reproducibility. The large difference between 
thee reproducibility of the Silar stress curves (standard error 5-7 %) and 
Siluxx Plus stress curves (standard error <3 %) can mainly be attributed 
too the specimen preparation. Specimens of Silux Plus were more constant 
inn homogeneity and composition, because they were prepared directly 
fromm a batch as received from the manufacturer. Specimens of chemically 
activatedd composites were prepared by hand-mixing two pastes (1:1 
w// w) within 40 seconds. With this preparation method it is difficult, and 
probablyy impossible, to achieve specimens with a constant level of 
homogeneityy and composition. 

Att the start of the experiment, both type of specimens were free of 
internall  stresses, because the composites were inserted with the aid of a 
wide-diameterr syringe tip. In the further course of this investigation, all 
typess of composites were measured three times, because the standard 
errorr was below 10 %, which was set as maximum tolerance. Data from 
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ann experiment coinciding best with the average response were used 
forr further analysis and modeling. 

Staticc test: axial shrinkage strain development 

Inn this static test, the cross head movement towards the shrinking 
specimenn prevented axial shrinkage stress development in the 
specimen.. This process was controlled by the load cell signal, which 
drovee the cross head towards the specimen as soon as a load signal 
wass monitored. Under this condition, the axial displacement was 
monitoredd by the LVDT transducers and should be related to the axial 
shrinkagee of the specimen in the mounting device. The axial strain 
(eaxiai)iss defined as: 

weree AL is the displacement recorded by the LVDT transducers and L0 

thee height of the specimen before setting. 

Thee axial shrinkage strain of dental composites, bonded to the two 
opposingg rigid surfaces could also be derived indirectly by the free 
volumetricc shrinkage strain, as measured with mercury dilatometry, 
withh the following relation found by Feilzer et al. [38]: 

Tabl ee 3.1 Relation between axial shrinkage strain (eaxia|) and volumetric 
shrinkagee strain (eVOi) for dental resin composites bonded at different 
configurationn (C-factor) geometry [38]. 

C-factor r 

Eaxlal l 

0.5 5 

0.36evol l 

1.0 0 

0.455 Evol 

2.0 0 

O.SOEVOI I 

2.5 5 

Q.65£VOi i 

3.0 0 

0.75ev0( ( 

5.0 0 

0.855 Eyol 

Thee axial shrinkage strain of the specimen in the mounting device is of 
interest,, because in dynamic tests, wherein the cross head cycles up 
andd down around the original specimen height, the strain caused by axial 
shrinkagee must be taken into account when the stress data (Fig. 5.2) is 
usedd in the modeling procedure (Fig. 4.3). In this study, the cross head 
displacementt due to axial shrinkage of a chemically activated composites 
wass measured on the modified Hounsfield testing machine, and the 
resultss were evaluated with the results obtained with mercury 
dilatometry. . 
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AA series of zero load tests at different cross head speeds were performed 
withh Clearfil F2 to determine the axial shrinkage deformation of this 
chemicallyy activated resin composite bonded between two opposing 
steell  disks. After insertion of freshly mixed Clearfil F2 into the paper 
matrixx (d=5.4 mm), the disk-to-disk distance (h) was set at a pre-adjusted 
valuee of 5.0 mm (C=0.5) and the experiment on the testing machine 
wass started. During the experiment, the cross head continuously 
followed,, at five different speeds (8, 16, 40, 80, and 400 fim/min), the 
axiall  displacement of the specimen, i.e., kept the load signal at zero. The 
dataa were collected simultaneously by the computer (software version 
2.80)) at a rate of 2 points per second. Al l experiments (n=l) were 
performedd at room temperature 1 °C). The extensometer was set at 
thee deformation range of 200 jiva. One hour after the start of the 
experiment,, the restorative material was subjected to tensile loading with 
aa cross head speed of 160 ^m/min until fracture. 
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Volumetricc shrinkage strain measurements on Clearfil F2 (n=3) were 
performedd with a mercury dilatometer at 1 °C, using the procedure 
describedd by De Gee et al. [39]. The bonded axial shrinkage strain (eaxial) 
forr the C-factor 0.5 was derived from the volumetric shrinkage strain 
(evoi)) by the conversion factor given in Table 3.1. 
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Figur ee 3.8 (a) Cross head displacement towards Clearfil F2 and (b) axial load on 
Clearfill F2 (n=1) at different cross head speeds (note different x scale). Mean axial 
displacementt derived from dilatometry data (n=3) is also incorporated (-) 

Thee test system was able to keep the cross head motionless when the load 
signall  was within . A disadvantage of this low threshold value 
inn the load signal was that noise in the load signal triggered the 
computerr to activate the cross head movement. As a result, a small 
loadd signal was induced due to the movement of the load cell weight. At 
thiss stage of setting, the specimen (C-factor=0.5) was too fluid to balance 
thiss small load and, as a consequence, the cross head moves either away 
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orr towards the specimen at the pre-adjusted cross speed (Fig. 3.9). It was 
upp to the gel point of Clearfil F2, approximately 3 minutes after mixing, 
thatt the composite achieved the required stiffness to overcome the 
elasticc resistance of the load cell. From this point in time on, the software 
wass able to regulate the cross head movement correctly on basis of the 
forcess acting on the load cell. 
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Figur ee 3.9 Derivatives of axial displacement towards Clearfil F2 at different 
crosss head speeds (n=1). Derivative of mean axial displacement derived from 
dilatometryy data (n=3) is also incorporated (-). 

Inn cases where the cross head speed was set too low (8-16 ^m/min), the 
crosss head was not able to follow the rapid composite shrinkage; i.e., to 
zeroo the shrinkage force. Figure 3.8 shows that the large influence of the 
crosss head speed on the recorded axial displacement made this test 
systemm not suitable for axial shrinkage strain determinations for dental 
restorativee materials with low C-factor. Implementing a second feedback 
loopp for the load signal in the application software would make the 
testt system far better for axial shrinkage strain measurements, because 
thee cross head movement could then be controlled accurately. The 
currentt feedback loop on the deformation signal (Fig. 3.5) was 
insufficientt for accurate load control on the specimen, because the 
feedbackk loop software was not geared to the rapid stiffness change of 
thee material during setting. 

Inn mercury dilatometry, the flow ability of materials has less influence on 
thee shrinkage strain results, because the driving force behind the 
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transducerr displacement is not regulated by an external device, but by 
thee specimen itself. An attendant advantage of this free shrinkage 
measurementt method is that the displacement transducer was activated 
byy a few mill i Newtons, and therefore offers to measure the total (pre-
andd post-gel) shrinkage strain. A disadvantage of dilatometry is that 
higherr amounts of composite (200-300 mg) are required than in the test 
systemm (100-200 mg). As a result, the polymerization reaction wil l 
proceedss slightly faster due to higher temperature of the specimen as 
moree heat wil l be released from the exothermic setting specimen. 

§§ The study of Feilzer and co-workers showed that composites exhibit a 
^^ different shrinkage behavior under bonded condition [38]. Composite 
»» shrinkage under free (dilatometry) condition is equally distributed in 

"555 three d imensions, whereas under bonded (dynamic test) condit ion it 
oo becomes more directed towards the bonding sites. An increase of the Ce-

faclorr (i.e., when the composite layer is decreased), the vo lumetr ic 
cc shrinkage is gradual ly converted into the axial direction. The conversion 

factorss in Table 3.1 prov ide us to calculate a reliable est imate of the 
shrinkagee behavior under bonded condition from dilatometry results. In 

§  the course of this research project, the axial shr inkage strain data of 
den tall  res in compos i tes was de te rm ined ind i rect ly w i t h mercury 

PVJJ d i la tometry by the conversion factors provided by Feilzer et al. (Table 
0 33 3.1). 

Dynamicc test: pulse sinusoidal strain cycles 

Thee dynamic behavior of resin composites during setting is of 
interest,, because it provide us additional information, especially in the 
remainderr of the setting process, were the polymerization rate is low. In 
thiss study, a pulse cycle experiment was performed on a chemically 
activatedd resin composite during setting. Freshly mixed Clearfil F2 was 
insertedd into the paper matrix (d=5.4 mm), and after setting the disk-to-
diskk distance (h) at a pre-adjusted value of 5.0 mm (C=0.5), the 
experimentt on the Hounsfield machine was started. 

Thee experiment consisted of periodically cycling the cross head sinu-
soidall  around the specimen height with a maximum displacement of 2 
jivsxjivsx (0.04 % strain). In the periods between the cycles (hold periods), the 
crosss head continuously followed the axial shrinkage of the specimen, 
i.e.,i.e., kept the load signal at zero. The motor-controlled cross head speeds 
inn the hold and cycle periods were 20 and 40 j /m/min respectively. 
Duringg the experiment, the data were collected simultaneously by the 
computerr (software version 3.11) at a data rate of 18 points per second. 
Thee extensometer was set at the range of 200 /^m. 
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AA control experiment was performed with a steel specimen (d=2.5 mm, 
h=300 mm), which was clamped directly between the cross head and 
basee of the testing machine (Fig. 3.6). The maximum axial deformation 
appliedd in compression and tension was 1 fim (=0.0033 % strain). This 
hadd to be smaller than the deformation of the composites, due to the high 
Young'ss modulus of steel. The deformations were applied around a 
tensionn load of 50 Newton to exclude the risk of bending of the steel 
specimenn during compression. Except for the control (n=l), all experi-
mentss were repeated three times and were performed at room 
temperaturee 1 °C). One hour after the start of the experiment, the 
restorativee material was subjected to tensile loading with a cross head 
speedd of 160 /jm/min until fracture. 

Thee strain produced from periodically cycling was isolated from the 
displacementt using: 

MM cvclecvcle-Ah-Ahslart slart 
££ = :  ( 3 . 3) 

inn which h0 is the initial specimen height (m), Ahcyc]e the cross head 
displacementt during a cycle (m), and Ahstart the cross head displacement 
att the start of a cycle (m). The normal stress on the specimen was 
calculatedd by Equation (3.1). 

Thee sign convention for data generated by dynamic tests is stated in the 
followingg manner. For the cross head movement away from the specimen 
thee load and deformation signal are positive. For the cross head move-
mentt towards the specimen the load and deformation signal are 
negative.. By way of exception, the cross head movement towards the 
specimenn due to shrinkage; i.e., keeping zero load on specimen, the 
deformationn signal is stated positive. 

Ann important prerequisite for the performance of deformation cycles in 
thee submicrometer range is the elimination of the play in the machine, 

Tabl ee 3.2 Tensile loading properties of Clearfil F2 at a 60-minute setting 
(meann - SD). 

Materia ll  propert y 

Young'ss modulus (GPa) 

Tensilee strength (MPa) 

Withh cyclin g  a (n=5) Withou t cyclin g  b (n=3) 

10.00 (0.5) 10.0 (0.6) 

34.7(2.6)) 36.8(3.1) 

aa Section: Dynamic test: pulse sinusoidal cycles 
bb Section: Static test: axial shrinkage strain development 
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sincee it reverses from compression to tension or vice versa. The 
modificationss carried out on the Hounsfield machine used in this study 
appearedd adequate on the basis of the results with the control 
specimen.. These showed a near-perfect sine pattern for the cross head 
displacementt during a complete deformation cycle, indicating that the 
playy in the machine had been eliminated. 
Anotherr important requirement is that the deformations applied on 
thee restorative materials do not negatively influence the structural 
integrityy during setting. A strain of < 0.04 %, as chosen in this study, 
satisfiedd this requirement [40]. The Student's t- test with pooled variance 
(p<0.05)) demonstrated that the tensile strength of the resin composite, 
whichh was subjected to deformation cycles during setting, was similar to 
experimentss where no cycles were used (Table 3.2). This gives the exper-
imenterr the opportunity to perform additional tests on the polymerized 
specimenn in the testing machine. 
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AA survey of the data recorded during the initial 10 minutes of the setting 
processs is given in Figure 3.10a for the resin composite. The figure 
il lustratess the applied deformation cycles superimposed on the 
shrinkagee curve (left y-axis), and the resulting load response (right y-
axis)) of the material. Although the cross head displacement towards the 
compositee results from axial shrinkage, it was not the same as the actual 
axiall  shrinkage of the composite. 

O O 

55 5 

45 5 

f.. 35-
c c 
o o 
'ree 25-
E E 

QQ 1 

-5 5 

nn /L/WS/V v » 

""  "~ / I I I I 

:.. / 'N IK U 

--

III  1 ' 
// ' " I I 

11 , 1 . , 1 , , 

120 0 

80 0 

40 0 

00 ? 
o o 

-40 0 

-80 0 

600 600 1200 0 
-120 0 

1800 0 
Tim ee (s) 

F igur ee 3.10 Data co l lec ted in pulse s inuso ida l de fo rmat ion exper iment with 
Clearf i ll F2. For c lar i ty , only data for the f i rst 25 minutes of the set t ing process 
iss shown . 
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Ass stated in the previous section, part of the shrinkage may not be 
registeredd correctly at the very start of the experiment, when the 
compositee is still too fluid to "regulate" the cross head, and the recorded 
displacementt depend heavily on the pre-adjusted cross head speed 
(Fig.. 3.8a). 

Thee shape of the stress-strain curve obtained at several sinusoidal 
pulsess resembles a hysteresis loop for the resin composite, and a straight 
linee for the control specimen (Fig. 3.11). The straight line of the stress-
strainn curve for steel is due to pure elastic behavior. Hysteresis loops 
resultt when the load response is time-dependent. This still seems to 
bee the case for Clearfil F2 at a 14-minute setting, the point at which 
curvee 4) was recorded. The hysteresis area in the stress-strain curve is a 
measuree of energy loss from the composite during cyclic deformation. 
Thiss energy dissipation is probably due to the viscoelastic behavior of 
thee composite rather than to any response time of the motor-driven 
testingg machine or the electronic parts in the data-acquisition console. 
Dynamicc tests in our laboratory revealed that RC-filters in the elec-
tronicss of the test system started to influence the stress-strain data 
whenn sinusoidal cycles with amplitude of 1.0 pirn and frequencies higher 
thann 1.0 Hz were applied to the steel specimen. 

Figur ee 3.11 Stress-strain curves for Clearfil F2 under sinusoidal pulses at 1) 
306,, 2) 448, 3) 658, and 4) 872 seconds setting (Fig. 3.10). The stress-strain 
curvee for the steel specimen is also incorporated. 
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Thee slope of the line from the origin to the point of maximum strain in 
thee curve is a measure of the elastic component (Young's modulus) of the 
viscoelasticc composite. As expected, the stiffness of the setting composite 
increasess with time. Generally, it is often found that values measured in 
compressionn are somewhat higher than those measured in tension due to 
thee presence of filler and imperfections (flaws and microcracks) in the 
specimenn [4]. The Student's t- test with pooled variance (p<0.05) 
demonstratedd that the values of Young's modulus calculated in the 
tensionn phase of the stress-strain curve were similar to the Young's 
moduluss values calculated in the compression phases (Fig. 3.12). 
Obviously,, the amplitude of the applied deformation was small enough 
too exclude the risk of higher Young's modulus values in compression 
phase. . 

Thee accuracy of the test system was tested with a steel specimen. The 
slopee of the stress-strain curve of steel calculated in this study 4 
GPa)) is in agreement with the value 0 GPa given in reference 
bookss [30]. 

AA drawback of this pulse method, wherein between cycling the axial 
shrinkagee displacement of the specimen is followed by the cross head, is 
thatt the shrinkage strain curve is incorporated in each individual 
deformationn cycle. Although Equation (3.3) largely diminish the 
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Figur ee 3.12 Young s modulus development of Clearfil F2 calculated from the 
tensionn and compression phase in the isolated stress-strain cycles (Fig. 3.11). 
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shrinkagee contribution in the isolated strain cycle, the second part of the 
cyclee still contains a shrinkage contribution, because shrinkage does not 
stopp at the beginning of the cycle (Ahstart), but still proceeds. Especially 
inn the early stage of setting, where the shrinkage development proceeds 
rapidly,, the isolated strain cycle deviates dramatically from a symmet-
ricall  sinusoidal function. For modeling stress-strain data, the latter 
formm of deformation is preferred, because this would greatly reduce 
thee computational effort and accuracy of the modeling procedure as 
thee model's equation could then be solved analytically (appendix A). 
Nextt section shows that analytically shaped sinusoidal cycles throughout 
thee setting process can be obtained by performing oscillatory sinu-
soidall  cycles around a constant specimen height. 

Dynamicc test: oscillatory sinusoidal strain cycles 

Forr modeling the mechanical behavior of resin composites during 
setting,, the material parameters associated with the model were assumed 
too be constant with time. Since setting of composites is a dynamic 
process,, wherein its structure changes from soft to hard, this assumption 
holdss only when the time span of the isolated stress intervals applied to 
thee modeling procedure (Fig. 4.3) was kept small with respect to the rate 
off  polymerization reaction. Present-day light-activated dimethacrylate 
compositess change rapidly from soft to hard in the setting process. 
Therefore,, for generating stress-strain data on light-activated 
composites,, the deformation cycles must be kept small; i.e., time intervals 
off  1 s or less. Smaller deformation cycles require higher acquisition 
ratess for the stress-strain data in order to obtain enough data points for 
thee modeling procedure (Fig. 4.3). In this study, an oscillatory test 
methodd was performed on Z100 to evaluate if the test system was able to 
generatee analytically shaped sinusoidal cycles on fast setting composites. 

Afterr insertion of the light-activated composite into the Teflon mold 
(d=3.11 mm), the cross head was lowered until the extensometer 
displayedd the pre-adjusted distance between the upper steel disk and 
lowerr glass plate (h) of 1.60 mm, creating a specimen geometry with C-
factor=1.0.. The test method was programmed to perform two frequencies 
withh amplitude of 1.00+0.01 }im (0.0625 % strain). First, a frequency of 1.0 
Hzz was applied for 50 seconds on the fast setting composite, followed by 
aa frequency of 0.1 Hz for the time period of one hour. After the period of 
oscillatoryy cycling, the cross head moved towards the composite in a 
prescribedd time period of 200 seconds to relief the shrinkage load, 
followedd by a period wherein the load signal was maintained zero for 



1000 seconds. Finally, the composite was subjected to tensile loading 
(1200 ^m/min) until fracture. 
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Thee light irradiation process (Elipar Highlight, standard mode, ESPE) 
wass measured with a light sensor device at the level of the specimen. The 
distancee between the light exit tip (0=8.95 cm) was equal to the thickness 
off  the glass plate (4 mm). During the measurement, the data were 
collectedd simultaneously by the computer (software version 3.14), via a 
dataa acquisition console, at a rate of 100 points (1.0 Hz period) and 18 
pointss (0.1 Hz period) per second respectively. The experiments were 
startedd 5 seconds prior to the light irradiation process and were repeated 
threee times at room temperature 1 °C) on the ACTAIntense. The 
oscillatoryy deformation was measured with the extensometer (CAH 
Card,, Dimed) in the range of 20 p . 
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F igur ee 3.13 (a) Strain and (b) stress data of Z100 (C-factor=1.0) col lected with 
aa dynamic osc i l la tory test . The signal of the l ight sensor , wh ich measured the 
ini t iat ionn and durat ion of the light act ivat ion process, is given in arbi trary uni ts. 
Thee (c) shr inkage stress and (d) dynamic stress response were isolated from (b) 
exper imenta ll stress data via FFT smoothing and substract ion (b-c) respectively. 
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Despitee the rapid increase of the composite's stiffness, the test system 
wass able to generate analytically shaped sinusoidal deformation cycles 
(Fig.. 3.13a). In the light irradiation period, the amplitude of the strain 
wass fractional higher than the preset value (0.0625 %), because the feed-
backk system compensated the cross head movement on the fast setting 
specimenn too much. The higher strain amplitude did not, however, 
leadd to errors in the modeling results, because not the preset, but the 
measuredd sinusoidal strain function was utilized in the modeling 
procedure. . 

Lightt irradiation of Z100 was initiated after at least four oscillatory 
strainn cycles were applied on Z100, because laboratory tests on a control 
specimenn revealed that an experimentally applied sinusoid, which has 
aa starting point, converges within four cycles to a mathematical sinusoid, 
whichh has no beginning or end (see next section). 

Thee advantage of performing oscillatory sinusoidal deformations around 
aa constant specimen height is that the oscillatory stress response is 
superimposedd on the shrinkage stress curve. These stresses of different 
originn can be isolated from each other with the Fast Fourier Transform 
(FFT)) smoothing procedure in Origin (version 5.0, Microcal). Analysis of 
thee oscillatory stress-strain (Fig 3.13a+d) directly, resulting in the 
storagee modulus (E') and the loss modulus (E"), provides valuable 
additionall  information for the research on the viscoelastic behavior of 
dentall  restorative materials during setting [41]. 

Exper imentall  data 

Sinusoidall  deformation data 

Applyingg a sinusoidal shaped deformation on setting composites 
wil ll  enhance the accuracy of modeling the mechanical behavior of 
composites,, because the differential equations for the different models 
cann then be solved analytically (appendix A). In this study, an oscillatory 
deformationn was applied to a control specimen to investigate the sine 
developmentt with time. 

AA steel specimen (d=2.5 mm, h=3.5 cm) was clamped between the cross 
headd and base of the ACTAIntense (Fig. 3.6). The sinusoidal deformation 
(frequencyy 1.0 Hz, amplitude 1.0 ^m) was applied around a tensile load 
off  50 Newton to avoid bending of the specimen in the compression 
phasee of the sine. During the experiment, the data were collected 
simultaneouslyy by the computer (software version 3.14), via a data 



acquisitionn console, at a rate of 100 points per second. The oscillatory 
deformationn was measured with the extensometer (CAH Card, Dimed) 
inn the range of 20 jim. 
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AA mathematical sine function has no beginning or end. In practice, 
however,, an experimentally applied sinusoid must have a starting 
point.. As can be seen in Figure 3.14, at least two sine cycles were needed 
beforee the cross head was able to reach this mathematically level of 
oscillations.. From this point on, the correlation between the 
experimentall  and mathematical sinusoid is good. In future oscillatory 
tests,, the applied sinusoids were considered mathematically after four 
cycless (discrepancy < 1.5 %). 
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Figur ee 3.15 (a) (—) Cubic spline fit on (-> exper imenta l load data. ( D ) Speci f ic 
loadd va lues in the curve are chosen with spl ine in terpo la t ion, (b) The noise in 
thee recorded load s ignal and cubic spl ine fit was ca lcu lated by subst rac t ion of 
thee mathemat ica l s inusoid f rom load response and cubic spl ine fit respect ively. 
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Cubicc sp l ine in te rpo la t ion on load data 

Too estimate the model parameters, the model 's response was matched 
ass close as possible to experimental stress by the use of a least-square 
methodd (Fig. 4.3). The disadvantage of the least-square method is that in 
presencee of measurement noise, the model parameter est imates wil l be 
biasedd [42]. Figure 3.15b shows that noise in the load response is white 
noisee [43]. One possibil i ty to reduce the bias is to employ cubic spl ines 
interpolat ion. . 

Cubicc spline interpolation is a useful numerical tool to reduce the noise 
inn the load data by construct ing a smooth curve through the measured 
loadd points (Fig. 3.15a). The noise in the cubic spline fit is substant ial 
lowerr (Fig. 3.15b), which enhanced the reliability of the model parameter 
estimatess in the model ing procedure. An addit ional advantage of using 
cubicc spl ines is that the ind iv idual data po in ts in the curve can be 
selectedd independent ly from the original dataset. The best cubic spline 
interpolat ionn results were obtained when the t ime span between the 
selectedd points in the fit was longer than the sampled data points in the 
or ig inall  da taset. Al l cubic spl ine in terpo la t ion opera t ions were 
per formedd on a desk top computer, us ing Mat lab (vers ion 5.3, 
MathWorks). . 

Conclus ionss and recommendat ions 

Theree was a clear need for a mechanical test method which generates 
reliablee quantitative data on the mechanical behavior of dental restorative 
materialss during setting. The test system developed as part of this research 
projectt meets these requirements. The test system is capable of performing 
variouss static and dynamic experiments which provide a sound basis for 
researchh aimed at gaining a better understanding of the mechanical behavior 
off  dental restorative material during the setting process. The test system was 
nott capable of producing a reliable measurement of axial shrinkage-strain 
data.. This property was determined indirectly by mercury dilatometry. In 
futuree research, reliable axial shrinkage strain data can be obtained by 
usingg the load signal in a feedback loop for the crosshead movement. In 
addition,, the implementation of an optical device in the specimen mounting 
devicee would make it possible to measure the lateral shrinkage strain of the 
specimenn during setting, and to calculate the Poisson's ratio of the material. 
Alternatively,, the Poisson's ratio could be determined by performing 
additionall  shear loading tests on setting materials. To obtain reliable shear 
stress-strainn data on shrinking restorative materials, the rotational test 
devicee should meet the requirements set for dynamic testing in a tension-
compressionn direction. 
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MODELINGG OF AXIAL STRESS-STRAIN DATA 

Basedd on the article: 
Dauvillierr BS, Hiibsch PF, Aarnts MP, Feilzer AJ (2001): Modeling of 

viscoelasticc behavior of dental chemically activated resin composites during 
curing,, J Biomed Mater Res (Appl Biomater) 58: 16-26. 

Abstract t 

Thiss paper describes an engineering approach to the analysis of axial 
stress-strainn data by means of mechanical models. Two 2-parametric models 
(Kelvinn and Maxwell) and one 3-parametric model (Standard Linear Solid) 
whichh are possible candidates for describing the viscoelastic behavior of dental 
restorativee material during setting are presented. An identification procedure was 
developedd by which the material parameters can be calculated by matching the 
model'ss stress response to experimental stress data. In addition, an evaluation 
proceduree was developed to calculate the model's response to axial shrinkage 
strainn only. The identification procedure was validated and the effect of white 
noisee on the parameter identification was investigated. The results showed that 
thee identification procedure is free from error, and that it is capable of identifying 
twoo parameters from sinusoidal stress-strain data with a good degree of accuracy. 
Thee identification of three parameters from axial stress-strain data is only 
possiblee when the contribution of shrinkage strain to the applied strain is 
substantial. . 



In t roduct io n n 

Thee literature overview in chapter 2 emphasis on the importance to 
gainn knowledge of the mechanical behavior development of dental 
resinn composites during setting. In this research project, the changes in 
mechanicall  behavior during setting were monitored by dynamic stress-
strainn tests, as described in chapter 3 in this thesis. The mechanical 
behaviorr can be quantified by (i) stress-strain analysis, revealing the 
storagee modulus (E') and loss modulus (E") of the material, or by (ii ) 
mathematicall  modeling [1]. The advantages of using a mechanical model 
aree several. The most important advantage is that for a model the cause 
(strain)) and effect (stress) is well known. With the aid of stress-strain 
data,, recognizable material parameters such as Young's modulus (E) and 
viscosityy (!")), can be identified. When factors such as resin formulation, 
initiationn system, C-factor, etc on the shrinkage stress development are 
studied,, then the development of these material parameters can be 
comparedd to each other, whereby the most suitable approach can be 
singledd out. 

Anotherr advantage of using 
modelss is that the stress within the 
restorativee material can be 
predictedd on basis of the strain and 
materiall  parameters as input for 
thee model. Finite Element Analysis 
(FEA)) is a popular simulative 
modelingg technique by which the 
stresss development with respect 
too a restoration design can be 
studiedd relatively straightforward. 

Thee process for representing the 
mechanicall  behavior of shrinking 
resinn composites in a model is 
calledd mathematical modeling 
(Fig.. 4.1). As stated earlier, the 
mechanicall  behavior of resin 
compositess during setting is 
hiddenn in stress-strain data. 
Therefore,, a properly defined 
stress-strainn law, the so-called 
constitutivee equation, must be 
usedd as mechanical model. This 

[[ Mathematical modeling J 

Mechanicall behavior of 
shrinkingg resin composite 

Application Application 
Suitablee model 

Parameterr identification 
(stresss & strain data) 

Stresss modeling 
(strainn & model parameters) 

Figur ee 4.1 Scheme of mathematical 
modeling. . 
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typee of model can be visualized by elementary elements, because the 
stress-strainn law is based on an observation of nature. For example, the 
linearr elastic solid equation (Hooke's law), which is visualized by a 
spring,, is based on the observation that the relative deformation is 
proportionall  to the stress. This lead to a material parameter (Young's 
moduluss E), which can be identified by matching the model's stress to 
experimentall  stress data. 

Threee mechanical models (Maxwell, Kelvin, and Standard Linear Solid 
model)) are candidates for representing the mechanical behavior of 
shrinkingg resin composites. The equations representing these models are 
differentiall  equations, which contain derivatives of both the stress and 
strainn with time. In the course of this research project, several modeling 
proceduress were developed to match the model's equation to 
experimentall  data. The first procedure was able to identify the material 
parameterss by performing a least square method to a system of normal 
equationss derived from the differential equation [2]. A drawback of this 
proceduree was that the differential equation was used, not solved. In this 
way,, it was not possible to evaluate the model response; i.e., to calculate the 
model'ss stress response on basis of the strain and calculated parameters 

Thee second modeling procedure was based on the identification procedure 
off  Hübsch [3]. In this so-called parameter identification procedure, the 
differentiall  equation was solved and the parameters were identified 
byy an optimization procedure. In this study, certain aspects of this 
proceduree have been improved. First, the differential equation can be 
solvedd analytically, which greatly reduced computation time and 
enhancedd the accuracy of the results. Second, the procedure provides 
besidee the parameter value also its error estimate. 

Thee third modeling procedure was able to evaluate the model response 
underr shrinkage conditions. With the aid of this so-called evaluation 
procedure,, we were able to accept or reject the model for describing the 
mechanicall  behavior of shrinking resin composites. 

Thiss chapter describes the modeling approach on a step-by-step basis, as 
depictedd in Figure 4.1. The parameter identification (step 4) and 
evaluationn procedure (step 5) is described in more detail. In addition, the 
resultss of the validation i.e., checking the implementation of the 
algorithmm used in the procedure, and the influence of noise on the 
parameterr identification are presented. A study on the effect of noise on 
thee parameter identification was necessarily, since the experimental 
dataa recorded in the dynamical test method are not exact, but contains 
whitee noise (Fig. 3.15). 



Stepp 1 — Mechanical behavior  of shrinkin g composites 
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Inn this reseach project, the mechanical behavior of shrinking dental 
restorativess was monitored by experiments with the universal testing 
machinee [4]. For mathematical modeling, therefore, a properly defined 
stress-strainn law, the so-called constitutive equation, must be used as 
model.. Tests on shrinking resin composites showed that these materials 
doo not only store but also dissipate mechanical energy, because applied 
deformationn cycles results in hysteresis in stress-strain data (Fig. 3.11), 
aa typical phenomena for viscoelastic materials. 

Inn a co-operative study with the Department of Engineering of the 
Universityy of Wales, many viscoelastic models were investigated on 

w>> the basis of axial stress-strain data provided by our laboratory [3]. 
2»» Adequate modeling results were achieved with the Maxwell model if 
w>> only the build-up of stress through polymerization shrinkage was taken 
,55 into account. This encouraging result pave the way to study the mechanical 
3̂3 behavior of shrinking resin composites with simple mechanical models. 
oo In this research project, not only the Maxwell model, but also the Kelvin 
^^ model and Standard Linear Solid model were investigated. 

Stepp 2 — Modeling considerations 

o__ Some assumptions have to be made to predict the complexity of the 
cc real mechanical behavior by a limited, but useful, model. First, the 

mechanicall  properties of dental resin composites are considered 
isotropic;; i.e., the material property does not depend on the location 
withinn the resin composite, but is the same in all directions. Further, any 
possiblee plasticity behavior of the restorative material is disregarded. 
Anotherr important assumption is that the deformations applied to resin 
compositess do not negatively influence the structural integrity and the 
polymerizationn reaction during setting. Results in Table 3.2 justify that 
thee structural integrity is not being altered by strains of amplitude < 
0.044 % and frequencies < 0.02 Hz. Finally, the mechanical behavior of the 
settingg material is considered constant when identifying the parameters. 
Thee benefit of this assumption is described in the next section. 

Stepp 3 — Formulate a mathematical model 

Thee theory of linear viscoelasticity is applicable to dental composites, 
becausee the experimental data were generated at small strains (<0.5 %) [5]. 
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Linearr viscoelasticity can be described using simple mechanical models 
consistingg of springs and dashpots, which can model the process of energy 
storagee and dissipation respectively. Al l models were invest igated in 
onee dimension only, because the stress-strain data were monitored in one 
direction.. The models must be kept simple, because by model ing uni-
axiall  data, only a restricted number of material parameters can be fitted 
inn a unique way. As a consequence, the validity of the qual i tat ive and 
quant i ta t ivee viscoelastic behavior s tud ied is confined to the stress, 
strain,, and strain rate range covered by the experiment. To meet the 
requirementt of isotropic shr inkage behavior of dental composites, the 
specimenss were made as long as possible; in case of l ight-act ivated 
compositess wi thout exceeding the depth of cure (2 mm) [6]. 

Maxwelll Standard 
Linearr Solid 

Kelvin n 

Fluidd behavior 
de de 

°doshpott _T1*~37 

Linearr viscoelastic behavior Elasticc behavior 

spring spring 
E*z{t) E*z{t) 

Figur ee 4.2 L inear v i s coe las t i c mode ls be tween two e x t r e m e s : pure f lu id 
behaviorr (left) and pure elast ic behavior (r ight) . 

Thee mechanical behavior of resin composites dur ing sett ing changes 
fromm fluid behavior before, to solid behavior after sett ing. When this 
mechanicall  behavior is modeled by small t ime intervals in the stress-
strainn data, then the material parameters can be assumed to be constant. 
Ass a result, the fundamental relationship between stress, strain, and time 
forr a linear viscoelastic material can be represented by the general equation: 



ddnnoo v ' , dme 
Ltf n-^rr = 2 A - ^r (4.1) 

i nn which an and bm are constants. Some mechanical mode ls can be 
obtainedd from Equat ion (4.1): 

Hooke 'ss law: aQa = bQ£ (4.2) 

«c c 
**  , , , de 
t jj  Newton s law: a0<J = o ,— (4.3) 
cc  <# w w 

Maxwelll  model: auy + fl, = h— (4.4) 
00 l dt l dt K ' 

cc Kelvin model: a0a =è( )£+è1— (4.5) 

?? dt 

OO A A 
^^ Standard Linear Solid model: 000" +a, -b0e+bx— (4.6) 

dtdt dt 

m m 
Thee derivation of the differential equations is fairly straightforward, and 

>-.. is well documented in the literature [5, 7, 8]. The material parameters of 
"^^ interest are the Young's modulus (E), which represents the stiffness in 
-cc axial tension and compression, and the extensional viscosity (r|), which 

iss inversely related to viscous flow [9]. 

Thee above expressions in the form of differential equations are equivalent 
too descr ib ing the l inear viscoelastic behavior by mechanical models 
constructedd with springs, which obey Hooke's law, and dashpots, which 
obeyy Newton 's law of viscosity. The Maxwell model consists of a spring 
andd a dashpot in ser ies (Fig. 4.2). When this model is stra ined, the 
spr ingg wil l react instantaneously and proport ional to the stress. The 
modell  represents a viscoelastic l iquid because the stress energy stored 
inn the spr ing wil l be slowly dissipated by the dashpot. After removal of 
thee st ress, the elast ic component wi l l recovers immedia te ly and 
completely,, whi l e the strain of the dashpot remains intact. 

Thee Kelvin model consists of a spr ing and a dashpot in parallel. The 
responsee on a strain is retarded by the resistance of the dashpot, and 
afterr removal of the stress the dashpot recovers slowly, thus wi th a 
t imee delay, and completely. Finally, the Standard Linear Solid model 



ChapterChapter 4 Modeling  stress-strain  data 

consistss of a spring and a Maxwell model in parallel. When this model is 
strained,, both springs wil l be deformed equally. With time, the stress 
energyy in spring E  ̂wil l be dissipated through its connecting dashpot, so 
thatt the stress contributed by this arm of the model wil l decay. 
Ultimately,, the resulting stress wil l be due to spring E2 and this is 
termedd the "equilibrium stress". After removal of the stress, the dashpot 
recoverss slowly, thus with a time delay, and completely. The model 
cann exhibit a viscoelastic liquid property (E2=0), as well as a viscoelastic 
solidd property. 

Ass stated earlier, the polymerization reaction results in a drastic change 
off  the mechanical properties of the resin composites. As viscoelastic 
behaviorr takes place between the two extremes (Fig. 4.2), it is imaginable 
thatt more than one viscoelastic model is necessary to model the mechanical 
behaviorr of resin composites during setting. 

Stepp 4 — Parameter  ident i f icat io n procedure 

Inn this section, the parameter identification procedure is described. 
Thee identification procedure does not only provide the value of the 
materiall  parameters but also its error estimate. To reach this goal, the 
differentiall  equations (4.4-4.6) of the models were solved allowing the 
stresss to be expressed as a function of the strain and unknown parameters. 
Thee material parameter values were then adjusted until the model 
responsee did fit the experimental observation as closely as possible. A 
schemee of the parameter identification procedure is shown in Figure 4.3. 

Mathematicall  solution of the model 

Thee differential equations (4.4-4.6) of the viscoelastic models contain 
timee derivatives of both the stress and the strain. Allowin g these 
equationss to be solved, one of the variables, either the stress or the 
strain,, has to be declared the independent variable. The choice of making 
thee strain the independent variable seems natural, because the mechanics 
off  the experiment were such that the strain was externally controlled. As 
aa consequence, using the strain as input for the model means that, if the 
modell  under consideration is representative for the shrinking resin 
composite,, the model's output should match the stress observed in the 
experiment. . 

Ass the functional form of the applied strain (sine and linear) with time 
iss known, the differential equations (4.4-4.6) can be solved analytically, 



yieldingg the stress as a function of strain and the unknown material 
parameterss (appendix A). To achieve independence from the points at 
whichh the strain data were collected, a sine and linear fit was applied to 
respectivelyy the dynamical strain and shrinkage strain of the isolated 
timee interval. Finally, the strain values in the interval were chosen 
equidistantlyy in order not to biass the parameter identification procedure 
towardss closer approximation in certain regions of the interval. 

Strain n 

Experiment t 

Stress s 

—> > kA A 
Time e 

Time e 

Initiall parameters 
Choicee model 

Minimizee difference by 
adjustingg parameters , 

h£ £ 
Comparee stress curves 

A A 

Solvee model equation 

Stresss I 

—
Time e 

Figur ee 4.3 Parameter identification procedure applied on a small time interval 
inn stress-strain data. 

Forr the final stress equation of the Maxwell or Standard Linear solid 
model,, the stress at the beginning of the interval, the so-called initial 
stresss 0(to), has to be taken into account. This initial stress can be 
obtainedd from experimental stress data or calculated with the aid of 
thee initial strain (£(t0)). In this study, the initial stress was obtained 
fromm experimental stress data, because evaluation of the initial stress by 
integratingg the initial strain and the variable material parameters over 
thee time period [0,t0] prior to the isolated interval requires extensive 
computation. . 

Extractingg the material parameters 

Too be able to assess how well a model with a certain set of material 
parameterss approximates the real mechanical behavior of shrinking 
resinn composites, a quantitative measure of the difference between the 
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stresss computed from the model (Omocjei) and the stress measured in 
thee experiment (Gexp) over a small t ime interval has to be defined. The 
nonlinearr least squares algorithm is useful for this purpose, whereby the 
quant i tat ivee measure can de defined as [10]: 

«« = Ia,(ffmodd(/I.)-cyBp(/1.))
2 (4-7) 

Thatt is, the model 's stress approx imates the stress measured in the 
exper imentt at selected k points in the t ime domain of the isolated 
interval.. No weighting of the data was appl ied ((Xi=l) . A cubic spline fit 
wass appl ied to the experimental stress data. With spline interpolat ion, 
thee stress values were chosen at the same points in time (tj) as in the case 
forr the strain values. 

Thee final material parameters associated with the viscoelastic model 
weree calculated by an optimization procedure, in which the residual (8), 
ass def ined in Equat ion (4.7), was min imized. For this purpose, the 
Levenberg-Marquardtt method was selected. In this method, the line-
searchh d i rect ion s t ra tegy was per formed wi t h cubic po lynomial 
algorithmm [11]. The method has been tested on some nonlinear problems 
andd it has been p roven to be more robust than the Gauss -Newton 
method. . 

Thee main difficult y in the implementat ion of the Levenberg-Marquardt 
methodd is an effective strategy for controll ing the step-size so, that it is 
efficientt in finding the min imum value of the residual. The initial step-
sizee in the search direction was set to one, and, at each iteration, the step-
sizee was determined and updated by a standard procedure implemented 
inn the opt imizat ion procedure. I terat ing to convergence (to machine 
accuracyy or to the roundoff limit ) is generally wasteful, time consuming, 
andd unnecessary, because the minimum for 5 is at best only a statistical 
est imatee of the parameters. In practice, the condit ion for stopping the 
i terationn process was the first or second occasion that the residual (8) 
decreasedd by a negligible amount, say either less than 0.1 absolutely or 
somee fractional amount lik e 10"3. 

Thee final value of the 'square difference' between the experiment and the 
modell  stress may be viewed as an indicator as to how well the chosen 
modell  can be made to fi t the real material behavior. It cannot be the 
indicator,, because it may be that the model describes the mechanical 
behaviorr of the material very well, but that the parameters associated with 
thee model cannot be determined accurately from the experimental stress, 
resultingg in a high value of the residual. Therefore, the residual is rather 
ann indicator of the 'usefulness' of a model than of the modeling capability. 



Thee parameter identification provides (i) the parameters, (ii ) the error 
estimatee on the parameters, and (iii ) the residual (5) that is a quantitative 
measuree of the difference between experimental and model stress. For 
thee calculation of the error estimate on the parameters, the error was 
assumedd to be normally distributed [11]. 

Validatio nn of parameter  ident i f icat io n procedure 

Too verify the validity of the algorithm of the parameter identification 
proceduree presented above, a set of artificial data was generated for the 
threee viscoelastic models by solving the differential equation analytically, 
usingg prescribed material parameters and a known input strain. The 
materiall  parameters were chosen to produce stresses similar to the ones 
measuredd in the experiment. For the Kelvin and Maxwell model a sinu-
soidall  strain was used, while for the Standard Linear Solid model two 
differentt strain functions were used: (i) sinusoidal and (ii) linear and 
sinusoidall  (Fig. 4.4). 

Modell response 
onn sine strain 

Modell response 
onn linear strain 

Modell response on 
sinee + linear strain 

EU U 
«2 .0 0 

100 20 30 40 
Interva ll  time (s) 

Modell response on 
sinee + linear strain — 

££ 0.05 
1.544 ^ , y s 

100 20 30 40 
Intervall time (s) 

Whitee noise 

00 10 20 30 40 
Interva ll  tim e (s) 

++ </> 
VI VI 
0) 0) 
L . . 

0 0 

-0.05 5 
00 10 20 30 40 

Intervall time (s) 

" 2 . 0 0 
Q. . 
aa 1.5 
TT i.o 
33 0.5 

100 20 30 40 
Interva ll  time (s) 

Modell response 
++ white noise 

100 20 30 
Intervall time (s) 

40 0 

Figur ee 4.4 Response of Standard L inear Sol id model on (a) s inuso ida l strain 
(amp l i t ude=0 .044 % & per iod=30 s) and l inear st ra in (s lope= 0.002 %/s) wi th 
exac tt pa ramete rs E-|=2.00 GPa, E2=0.10 GPa, and n=25 .00 GPa.s . (b) Whi te 
no isee was added to the mode l stress response (SNR=0.85) . 

Thee linear strain represents artifical shrinkage strain for a small interval 
inn time. In reality, the slope of the linear strain; i.e., the shrinkage strain 
ratee of setting composites, changes continuously. Therefore, the effect of 
thee slope in the lineair strain on the identification of the three parameters 
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off  the Standard Linear Solid model was studied at five realistic shrinkage 
strainn rate values (Fig. 4.5). 

Finally,, white noise was added to the artificial stress response of the 
threee models to investigate the influence of the noise level, defined as the 
Signal-to-Noisee Ratio (Fig. 4.6), on the parameter identification procedure. 
Thee effect of noise was studied solely on the stress signal (Fig. 4.4), 
becausee the load signal of the load cell (1 kN) was far more affected to 
whitee noise than the deformation signal of the sensitive LVDT trans-
ducers. . 

4000 800 
Timee (s) 

Signal l 

peak__ to _ peak_ Signal] 
peak_to__ peak_ Noise J 

Figur ee 4.5 Shrinkage strain rate curve 
off a two-paste resin composite 
(seee Fig. 3.9). Identification of the 
prescribedd parameters of the Standard 
Linearr Solid model was performed at 
fivee selected slope values for the 
linearr strain: 0.003, 0.002, 0.001, 
0.0005,, and 0.0001 %/s. 

Figur ee 4.6 
Noisee Ratio 

Definitionn of Signal-to-
(SNR)) [12]. 

Evaluationn procedure 

Inn this section, a procedure to calculate the model response on the 
inputt of axial shrinkage strain and calculated material parameters is 
described.. With this procedure, the appropriateness of the various 
mechanicall  models can be evaluated by comparing the model response 
withh the axial shrinkage stress of resin composites, as measured with the 
testt system (Fig. 3.7). 

Basically,, the evaluation procedure was derived from the parameter 
identificationn procedure. No optimization routine was carried out, 
becausee the material parameters were already known. In the procedure, 
thee model was loaded, on a sequential interval-step (At) basis, with a set 



off  material parameters and shrinkage strain data (Fig. 4.7). The shrinkage 
strainn in the small interval was assumed to increase linear with time. 
Smalll  time intervals in the setting time domain were applied to the 
model,, because the differential equations (4.4-4.6) used in this procedure 
aree only valid for constant material parameters. The material parameter 
valuess were obtained by cubic splines interpolation on the mean parameter 
values.. The material parameter values were selected in the middle of the 
timee interval. The stress solution at the end of each interval was taken as 
thee initial stress condition for the next interval. 

Sett P4 parameters 

Strain, , 

At , , Solvee model equation 

Stress,, ,o(At„) 

SetP, , 

MODELL PARAMETERS SHRINKAGE STRAIN MODEL STRESS RESPONSE 

Meann E 
Meann r| 
Splinee fit 

At,, At2 At3 At4 At,, At2 At3 At„ At,, At, At, At4 -

Figur ee 4.7 Scheme of evaluation procedure. The model stress response was 
calculatedd for small intervals (At) sequentially in time. The stress solution at the 
endd of each interval was taken as the initial stress condition for the next 
interval. . 

Thee cubic splines interpolation, parameter identification procedure, 
andd evaluation procedure were performed on a Pentium (200 MHz) 
desktopp computer with MATLA B software (version 5.3, Mathworks) 
underr Windows® 98 platform. 

Resultss and d iscuss ion 

Validation n 

Thee parameter identification procedure applied to the artificial stress 
dataa of each model converged quickly to the true value of the material 
parameterr (Table 4.1); indicating that the implementation of the 
algorithmm for the parameter procedure is valid for all models. The small 
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standardd deviation in the parameter is due to the round-off error of 
thee computer. In spite of these good results, a remark concerning the use 
off  least squares is in order here. A striking limitation of a least squares 
optimizationn is the need for a good initial estimate of the material 
parameters.. It was found that when the initial material parameters 
weree poorly chosen; i.e., out of a certain range, a local shallow minimum 
wass found and the calculated parameters were incorrect. In this situation, 
thee optimization algorithm sticks in a very flat region of the 8 landscape. 
Therefore,, the optimization was routinely started from different initial 
materiall  parameter values and the optimization results were compared. 
Thee global minimum always corresponded to the lowest 8 value and the 
bestt graphic fit. 

Thee parameters of the Standard Linear Solid model could only be 
identifiedd from sinusoidal stress data when the initial estimate of the 
parameterss was close to the exact value. Under normal identification 
conditionss - using arbitrary chosen initial estimates - the procedure 
wass not able to determine the prescribed parameters accurately (Table 
4.2).. The explanation for this observation is that in the case of stress data 
generatedd by a sinusoidal strain of one frequency only, no more than two 
independentt parameters can be determined, because only two 

Tabl ee 4.1 Validation results of the parameter identification procedure for the 
threee mechanical models with standard error in parenthesis. The artificial 
stresss data were generated with sinusoidal strain (amplitude=0.04 % & 
period=300 s). The procedure was started with 1.00-109 as initial value for the 
two-parametricc models. No white noise was added to the stress. 

Parameter r 

E (1) ) 

n n 

E 2 2 

6a a 

Kelvi nn mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(0.10) ) 

2.50-10100 2.50-1010 

(0.48) ) 

1.79-10-17 7 

Maxwel ll  mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(0.02) ) 

2.50-10100 2.50-1010 

(0.40) ) 

2.21-10'19 9 

SLSS mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(6.96-103) ) 

2.50-10100 2.50-1010 

(2.03-105) ) 

1.00-1088 1.00-108 

(8.18-103) ) 

1.05-10'15 5 

a5=quantitativee measure of the difference between experimental and model 
stress. . 
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Tabl ee 4.3 Validation results of the parameter identification procedure for the 
Standardd Linear Solid model with 1.00-109 as initial value for the three para-
meters.. The artificial stress data were generated with sinusoidal (ampli-
tude=0.044 % & period=30 s) and linear strain (five different slope values) with 
thee prescribed parameters E^ .OO GPa, E2=0.10 GPa, and r|=25.00 GPa.s. No 
whitee noise was added to the stress. 

Slop ee linea r 
strai n n 

(%/s) ) 

0.003 3 

0.002 2 

0.001 1 

0.0005 5 

0.0001 1 

Numbe rr  of 
iteration s s 

220 0 

348 8 

554 4 

994 4 

1249 9 

Ei i 

2.00-109 9 

(2.01-10" 7) ) 

2.00-109 9 

(2.25-10" 7) ) 

2.00-109 9 

(5.75-10-7) ) 

2.01-109 9 

(3.28-10" 5) ) 

2.05-109 9 

(2.88-10" 3) ) 

Materia ll  parameter s 
(withou tt  noise ) 

E22 H 

0.10-1099 25.00-109 

(2.14-10" 7)) (6.24-10-6) 

0.10-1099 25.00-109 

(2.47-10" 7)) (7.44-10" 6) 

0.10-1099 25.00-109 

(6.97-10" 5)) (2.12-10-5) 

0.10-1099 25.02109 

(3.07-10" 5)) (7.42-10" 4) 

0.11-1099 25.08-109 

(2.87-10-3)) (6.91-10" 3) 

8a a 

7.11-10" 12 2 

8.76-10-12 2 

2.03-10-11 1 

8.05-10" 9 9 

6.03-10-4 4 

a6=quantitativee measure of the difference between experimental and model 
stress s 

independentt variables are generated, namely a load signal and a phase 
angle.. To obtain an accurate prediction of the prescribed parameters, the 
stresss to be modeled must be generated by a mult i -wave strain. 

Addit ionn of linear strain to the sinusoidal strain proved adequate for this 
propose,, because the procedure was capable in finding the exact value of 
thee mater ial parameters using different initial est imates (Table 4.2). 
Thee lower the slope in the linear strain, the longer time it took to calculate 
thee material parameters (Table 4.3). At a shr inkage strain rate value of 
0.00011 % /s the identification procedure was able to calculate the param-
eterr values within acceptable computation time only, when less stringent 
terminat ionn criteria were appl ied. These criteria could be stated less 
stringent,, because the artificial stress data was free of noise. At shrinkage 
strainn rates smaller than 0.0001 % /s the procedure failed to calculate the 
parameterss exactly. 
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Figur ee 4.8 Effect of white noise on the calculated Maxwell parameters (  E, A r|) 
comparedd to the prescribed values (line). The residual (5) of each pair of 
Maxwelll parameters is scaled on the secondary x-axis (top). The Signal-to-Noise 
Ratioo (SNR) is defined as the amplitude of the load signal divided by the 
amplitudee of the noise signal (Fig. 4.6). The gray area represents the SNR 
regionn in which the load signal (0-100 N) of the universal testing machine 
experimentss was recorded. The error bars indicate the relative standard error 
inn the parameters. 

Whitee noise in stress data 

Whitee noise added to the artificial stress data influenced the calculation 
timee of the parameter identification procedure; the lower the Signal-to-
Noisee Ratio (SNR) value, the longer it took to find the material para-
meters.. The results of the calculated Maxwell parameters at different 
whitee noise levels are visualized in Figure 4.8. For each SNR value 
(primarilyy x-axis), the calculated Maxwell parameters were plotted 
withh the residual (secondary x-axis) to match. The gray area represents 
thee SNR region for the load signal range (0-100 N), in which the load 
signall  of resin composites was recorded in the universal testing machine 
experiments.. The results for the Kelvin model resembles the Maxwell 
modell  and are therefore not reported. 

Thee parameter identification results of artificial stress data with different 
levelss of noise reveal several interesting features. First, down to a 
Signal-Noise-Ratioo (SNR) value of two, the calculated material para-
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meterr values of the 2-parametric models were very good approximations 
off  the exact values. As the load measurements in the experiments of resin 
compositess take place within 10 % of the load cell capacity, the lower and 
upperr boundar ies of the practical SNR values, as measured using the 
steell  specimen, were 2.20 and 2.76 respect ively. The posit ion of the 
practicall  SNR values, shown as a gray area in Figure 4.8, revealed that 
whenn the viscoelastic behavior of resin composites is described by the 
Maxwelll  or Kelvin model, then it was possible to obtain precise material 
parameterr values for these models. 

35.0 0 

00 0.0005 0.001 0.0015 0.002 0.0025 
Slopee in lineai r strain (%/s) 

0.0033 0.0035 

Figur ee 4.9 Effect of slope in linear strain on the calculated Standard Linear Solid 
parameterss (  E, A. r\) compared to the prescribed values (line). The artificial 
stresss data were generated with sinusoidal (amplitude=0.04 % & period=30 s) 
andd linear strain with five different strain rate values. In addit ion, noise 
(SNR=2.2)) was added to the stress data. The identification procedure was 
startedd with 1.007E109 as initial value for the three parameters. The error bars 
indicatee the relative standard error in the parameters. 

AA second feature is that the value of 8, which measures the difference 
betweenn the experimental and the model stress, increases as the noise 
levell  of the stress data increases. Since the calculated material parameter 
valuess are good approximations of the exact values, the noise carried by 
thee stress data in the SNR region down to two has no decisive influence 
onn finding the global min imum of the 5 parameter. As soon as the SNR 
valuee dropped under the value of two, then a remarkable phenomenon 
wass visible for the Maxwell model. Al though the standard error in both 



parameterss increased rapidly, the calculated Young's modulus para-
meterr still approximated the exact value, while the viscosity param-
eterr deviated markedly from the exact value. Since the high level of 
noisee carried by the experimental stress data has a decisive influence on 
thee viscosity parameter of the Maxwell model, caution is advisable 
withh respect to the calculated value of this parameter at low SNR values. 
Inn absence of white noise, the identification procedure was able to 
calculatee the three parameters of the standard Linear Solid model exactly 
downn to a linear strain slope value of 0.0001 %. For practical application, 
itt is of interest to known if this slope limi t holds when the stress data 
containss white noise with SNR=2.2; i.e., at the lower boundary of the 
practicall  SNR region of the dynamic test system. Figure 4.9 shows that 
thiss is not the case. 

Downn to a slope value of 0.0003 %, the identification procedure was 
capablee in finding the material parameters within an acceptable 
deviationn (<5 %) from the exact value with a nearly constant value of 
66 (7.5-10 ~3). At 0.0003 % and lower, the procedure was not capable to 
calculatee the three parameters on this acceptable basis. 

Conc lus ions s 

Inn this chapter, an engineering approach to the modeling of axial 
stress-strainn data is described step-by-step. Three mechanical models 
representingg linear viscoelasticity are introduced as possible candi-
datess for the modeling of the mechanical behavior of resin composites 
duringg setting. In addition, a parameter identification procedure and an 
evaluationn procedure are presented in detail. Validation results show 
thatt the software implemented in MATLA B is free of error. On the basis 
off  sinusoidal stress-strain data, the parameter identification procedure 
iss capable of finding the two parameters associated with the Maxwell 
andd Kelvin model with a good degree of accuracy. When performing the 
proceduree on sinusoidal stress data with a high level of noise, the 
calculatedd viscosity value of the Maxwell model must be regarded as 
questionable.. To obtain an accurate prediction of the three material 
parameterss of the Standard Linear Solid model, the stress to be modeled 
mustt be generated by a multi-wave strain. For this moment, the addition 
off  linear strain with slopes larger than 0.0003 %/s to the sinusoidal 
strainn proved adequate for this purpose. 
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5 5 
MODELINGG OF VISCOELASTIC BEHAVIOR OF CHEMICALLY 

ACTIVATEDD RESIN COMPOSITES 

Basedd on the article: 
Dauvillierr BS, Hiibsch PF, Aarnts MP, Feilzer AJ (2001): Modeling of 

viscoelasticc behavior of dental chemically activated resin composites during 
curing,, J Biomed Mater Res (Appl Biomater) 58: 16-26 

Abstract t 

Thee viscoelastic behavior of resin composites during the setting process is 
ann important factor in the relation between the cause - shrinkage strain - of adhesive 
restorativee material and the effect - shrinkage stress - development in the 
restoredd tooth. The search for a mechanical model for describing the viscoelastic 
behaviorr of a two-paste resin composite during setting is described in this 
chapter.. Uni-axial stress-strain data on Clearfil F2 during setting were obtained 
byy a pulse sinusoidal test method and by mercury dilatometry. The stress-
strainn relation was analyzed using three mechanical models (Maxwell, Kelvin, 
andd the Standard Linear Solid model). With an identification procedure, the 
model'ss stress response was compared with experimental stress data, and 
thee material parameters were calculated. On the basis of the modeling and 
evaluationn results, a model for describing the viscoelastic behavior of the 
shrinkingg resin composite was selected. The viscoelastic behavior of Clearfil F2 
duringg setting, as excited by the conditions of the dynamic test, cannot be 
describedd by a single mechanical model. Up to 30 minutes in the setting 
process,, the best prediction was achieved by the Maxwell model, while during 
thee remainder of the setting process the Kelvin model can be used to describe 
thee viscoelastic behavior of the two-paste resin composite. 



In t roduct io n n 

Inn the early nineties, a co-operative study with the department of 
Engineeringg of the University of Wales was started for the purpose to gain 
informationn on the viscoelastic behavior of shrinking dental restorative 

|J>> materials by mathematical modeling [1]. In this numerical study many 
mechanicall  models were investigated on the basis of the experimental o o 

^^ stress-strain data provided by our laboratory. Adequate modeling 
|| results were achieved with the Maxwell model, if only the build-up of 
o o 

«) ) 

5 5 

LO O 

stresss through polymerization shrinkage was taken into account. 

Att the start of this research project, we employed the Maxwell model to 
describee the stress relaxation behavior of a conventional glass ionomer 

§,, and a chemically activated resin composite during setting [2]. The 
oo Maxwell parameter values were calculated by performing a least square 
+-- method to a system of normal equations derived from the model 
,cc differential equation (4.4). In this approach, however, we were not able 
1>> to evaluate the Maxwell model under shrinkage strain condition, because 
oo the model differential equation was used, not solved. An additional 

disadvantagee of this approach is that it does not calculate the error in the 
parameterr values. 

Itt is unlikely that the Maxwell model, which is a viscoelastic liquid 
model,, can account for the viscoelastic behavior of the resin composite 

§__ during the whole setting process. This is due to the fact that during 
cc setting, the restorative material is transformed from a viscoelastic liquid, 

inn which the viscous flow is permanent, into a viscoelastic solid, where 
thee viscous flow is reversible [3]. Therefore, a model that describes 
bothh the viscoelastic liquid behavior and the viscoelastic solid behavior, 
suchh as the Standard Linear Solid model, would be more suitable for 
describingg the mechanical behavior of resin composite during setting. 

Ass the research on modeling the viscoelastic behavior of dental restorative 
materialss continues, certain aspects of the test system, which are impor-
tantt for obtaining reliable experimental data, have been further 
improvedd [4]. A big improvement gained for modeling stress-strain 
dataa was that the application software is capable of applying a strain as 
aa sine function. In this way, the differential equation of the model can be 
solvedd analytically, which enhances the accuracy of the prediction of the 
mechanicall  behavior. In addition, two modeling procedures were 
developedd [5]; (i) a parameter identification procedure, which does not 
providee only the material parameters, but also the error estimates on the 
parameters,, and (ii) an evaluation procedure, which make it possible to 
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evaluatee the appropriateness of the various mechanical models, by 
comparingg the model response with the axial shrinkage stress of resin 
composites,, as measured with the test system. 

Thee improvements to the dynamic test method made it necessary to 
repeatt the investigation of Hübsch on modeling the viscoelastic behavior 
off  dental restorative materials during setting. The aim of this study 
wass to find the best-fitting, simple, mechanical model to describe the 
viscoelasticc behavior of a resin composite during setting. Stress-strain 
dataa were obtained by applying sinusoidal strain pulses to a two-paste 
resinn composite, which was kept at a constant height during setting. On 
thee basis of the experimental stress-strain data, a suitable mechanical 
modell  was selected, taken into account (i) the results of the parameter 
identificationn procedure, in which the parameters associated with the 
modell  were determined, and (ii ) the evaluation of the model response 
underr shrinkage strain conditions. 

Thee range of validity of the model was limited to the shrinkage strain 
rate,, because our main interest was the mechanical behavior of the 
compositee under shrinkage condition. The small strain pulses were 
appliedd to gain informative stress-strain data in the later setting stage of 
thee material, where the shrinkage strain rate is very low. The magnitude 
off  the strain pulse was sufficiently low (<0.5 %) to ensure that the 
behaviorr of the composites could be studied by the theory of linear 
viscoelasticityy [6], Linear viscoelasticity can be described using mechanical 
modelss consisting of springs and dashpots [5]. 

Material ss and methods 

Chemicallyy activated resin composite 

Thee dental restorative material used in this study was Clearfil F2 
(Tablee 5.1). This chemically activated resin composite was handled and 
mixedd according to the manufacturer's instructions. 

Dynamicc test: pulse sinusoidal cycles 

Thee stress-strain data on the resin composite during setting were 
obtainedd from a pulse sinusoidal strain measurement on an automated 
universall  testing machine (H10KM, Hounsfield). Details of this test 
systemm are described extensively in chapter 3 of this thesis. The freshly 
mixedd resin composite (1:1 w/w) was bonded between the opposing 
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Tabl ee 5.1 Basic composition of Clearfil F2 Newbond (Kuraray). All percentages 
aree in weight. 

Ingredient t Descriptio n n Universa ll  past e Catalys t past e 
(batch ::  1641) (batch : 1542) 

Resin n 

Filler r 

Activator r 

Initiator r 

Others s 

bisGMA/TEGDMA/unknown n 
remainderr monomer species 

Quartzz (dpa=5.0um) 
Fumedd silica (dp=0.04 urn) 

Amine-type e 

Benzoyll peroxide 

Pigments s 

Appr.. 23% 

Appr.. 77% 

<0.5% % 

Appr.. 23% 

Appr.. 77% 

<0.5% % 

<0.5% % 

a d pp = mean par t ic le s ize 

steell  disks with diameter (d) of 5.4 mm and separated by a distance 
(h)) of 5 mm, creating a C-factor of 0.5 (=d/2h). During the 
measurement,, the cross head (i) continuously counteracted the specimen 
axiall  shrinkage, in order to maintain the specimen height constant at 

11 ^m, and (ii) periodically applied a sinusoidal displacement pulse 
too the specimen with an amplitude of 1 ^m (=0.02 % strain) and 
frequencyy of 0.1 Hz (Fig. 5.1). The measurements were repeated three 
timess at room temperature 1 °C). During the measurement, the 
dataa (time, load, and displacement signal) were collected simultaneously 
att a sample rate of 18 points per second. One hour after the start of the 

E E 
3. . 

-- 1.0 

.22 -1.0 

(A2)) (A1) Apply y 

475 5 5000 525 
Timee (s) 

550 0 5000 525 
Timee (s) 

550 0 

F igu r ee 5.1 E x p e r i m e n t a l setup w i th (1) c y l i n d r i c a l s p e c i m e n and (2) 
d i s p l a c e m e n tt t r a n s d u c e r s . (A2) S i n u s o i d a l pu l ses a re app l i ed to the 
s p e c i m e n ,, wh ich is kept w i th in - 0 . 0 1 m at a (A1) constant height . The load 
r e s p o n s ee to the (R2) pu lses is s u p e r i m p o s e d on the (R1) po l ymer i za t i on 
s h r i n k a gee l o a d . T h e g ray area r e p r e s e n t s the t ime in te rva l for wh i ch the 
parameterr ident i f i ca t ion was appl ied. 
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experiment,, the resin composite was subjected to tensile loading until 
fracture. . 

Volumetricc shrinkage measurement 

Duringg the pulse strain measurement, the axial shrinkage strain of the 
specimenn was not measured, because the height of the specimen during 
settingg was kept constant. However, the displacement caused by axial 
shrinkagee must be taken into account when modeling the stress data. For 
thatt reason, volumetric shrinkage measurements (n=3) were performed 
withh a mercury dilatometer at 1 °C, using the procedure described 
byy DeGeeet al. [7]. 

Stress-strainn analysis 

Thee data obtained from a pulse sinusoidal strain measurement 
consistedd of an array of load and displacement values for a large number 
off  points in time. The normal stress (o) and strain (e) were calculated 
fromm the load and displacement values by Equation (5.1) and (5.2) 
respectively. . 

CTCT = -^ (5.1) 

6 - = * -- (5-2) 

inn which A is the cross-sectional area of the cylindrical specimen (m2), 
FF the recorded load response of the specimen (N), AL is the displacement 
recordedd by the LVDT transducers (m), L0 the height of the specimen 
beforee setting (m). 

Inn addition to the applied sinusoidal strain, the strain caused by axial 
shrinkagee must be taken into account when modeling the stress data. The 
axiall  shrinkage strain of the specimen bonded between the disks (C=0.5) 
wass obtained from volumetric shrinkage strain data by the conversion 
factorr provided by Feilzer et al. (Table 3.1). 

Thee functional expression of the axial shrinkage strain in time was 
calculatedd by a cubic spline fit on the mean strain data [4]. Finally, for the 
modelingg of the stress data, the strain recorded in the pulse sinusoidal 



experimentt was added to the axial shrinkage strain for all the points in 
timee of the experiment. Data analysis was performed with Origin 
(versionn 5.0, Microcal) on a desktop computer (Windows® 98 platform). 

Parameterr identification procedure 

Thee mechanical models investigated in this study were in one dimension 
only,, because the experimental stress-strain data were monitored in 
onlyy one direction. The models are described in detail in chapter 4 of this 
thesis.. The identification of the parameters associated with the model 
wass applied to small time intervals [t0, t0+At] in the measured stress data 
off  the resin composite (Fig. 5.1). The first part of the time interval 
correspondss to the stress response to the axial shrinkage of the specimen, 
andd the second part represents the stress response to the axial shrinkage 
strainn and the sinusoidal strain pulse applied to the specimen. The time 
spann [At] of the isolated intervals was kept small (appr. 16 seconds), and 
thuss the material parameters E^y E2, and n may be assumed to be 
constantt when modeling the stress of the isolated interval. As the strain 
duee to the axial shrinkage strain of the specimen in the isolated interval 
behavess linearly in time, the total strain in the first (Eq. 5.3) and the 
secondd part (Eq. 5.4) of the interval can be described analytically: 

£(t)£(t) = e(t0)+At (5.3) 

e(t)=e[te(t)=e[t00)) + At+Bsm(cof) (5.4) 

inn which £(t0) is the strain at begin interval, A is the slope of the 
shrinkagee strain ( l /s ), B the amplitude, and 0) the angular frequency 
(rad/s)) of the applied sinusoidal strain pulse. 

Sincee the functional form of the strain was known, the differential 
equationn for the Maxwell and Standard Linear Solid model was solved 
analyticallyy (appendix A), which in every case yielded the stress as a 
functionn of strain and the unknown material parameters. When modeling 
smalll  intervals from the stress curve, it is important to take into account 
thee stress at the beginning of the interval (initial stress <?(t0)). The initial 
stresss can be obtained from experimental stress data or calculated with 
thee aid of the initial strain (e(t0)). In this study, the initial stress was 
obtainedd from experimental stress data, because the evaluation of the 
initiall  stress by integrating the initial strain and the variable material 
parameterss over the time period [0,t0] prior to the isolated interval 
requiress extensive computation. 
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Too assess how well the model stress (<Tmodel) approximates the stress 
measuredd in the experiment (aexp), using a certain set of material para-
meters,, a least square method was performed at equidistantly spaced k 
pointss in the time domain of the isolated interval: 

a=X«,- (<wo-<U' ( - ) ) 22 <5-5) 

(=1 1 

Thee material parameters were calculated by minimizing the residual (6) 
usingg an optimization routine based on a quasi-Newton algorithm, the 
Gauss-Newtonn method [8]. A scheme of the parameter identification 
proceduree is shown in Figure 4.3. The procedure provides (i) the param-
eters,, (ii) the error estimates on the parameters, and (iii ) the residual (5) 
thatt is a quantitative measure of the difference between experimental 
andd model stress. 

Evaluationn of the viscoelastic model 

Too evaluate the appropriateness of the various mechanical models 
underr shrinkage strain conditions, the experimental axial shrinkage 
stresss development of Clearfil F2 was compared with the model 
response.. In chapter 4 of this thesis, an evaluation procedure to calculate 
thee model response on basis of the input of the axial shrinkage strain and 
thee calculated material parameters, is described. The parameter 
identificationn procedure and evaluation of the models were performed 
withh the software Matlab (version 5.3, Mathworks) under Windows® 98 
onn a desktop computer. 

Resultss and d iscuss ion 

Stress-strainn data 

AA complete survey of the stress-strain data recorded during a 
completee pulse strain experiment is given in Figure 5.2b-d for the resin 
composite.. The positive strain of the sinusoidal cycles represents the 
crosss head displacement away from the specimen (tension), while the 
negativee strain represents the cross head displacement towards the 
specimenn (compression). As the specimen height was kept constant 
betweenn the sinusoidal strain pulses, the stress response on the applied 
strainn pulses is superimposed on the continuous shrinkage stress 
developmentt of the specimen. There was no premature debonding from 
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Figur ee 5.2 The total strain on setting Clearfil F2 consists of (a) axial shrinkage 
strain,, calculated from the mean volumetric shrinkage curve, and the (b) sinu-
soidall strain pulses applied by the cross head (note different y scale and start 
measurement).. For the parameter identification procedure, the total strain 
curvee is constructed by a linear combination of (a) and (b), resulting in (c). The 
stresss signal (d) measured in the pulse strain experiment is the result of both the 
axiall shrinkage strain and the pulse strain. Error bars in (a) indicate the relative 
standardd error in the mean curve (n=3). 

eitherr of the steel disks, because after tensile loading the fracture, 
evaluatedd visually, was in all cases totally cohesive. 

Figuree 5.2a shows the mean axial shrinkage strain of Clearfil F2 at room 
temperature,, as calculated from the volumetric measurements. The 
strainn data used for the modeling procedure (Fig. 5.2c) consist of the 
appliedd strain curve, added to the axial shrinkage strain curve. An 
interestingg feature of the stress-strain data is that after 330 s (5.5 min) of 
mixing,, 50 % of the total axial shrinkage strain results in a stress response 
off  0.35 MPa, which is less then 10 % of the total polymerization stress of 
Clearfill  F2. The fact that at room temperature a large proportion of 
polymerizationn stress is developed in the later phase of the setting reaction 
iss in agreement with the results of a previous study on Clearfil F2 [2]. 

Thee graphic results of the parameter identification procedure on two 
stresss intervals isolated from one pulse strain measurement are shown 
inn Figure 5.3. The continuous line represents the measured stress, while 
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Figur ee 5.3 Parameter ident i f icat ion resul ts for two stress cyc les of Clearf i l 
F22 during setting at (left ) t ime=404 s and (right ) t ime=1473 s for the (top ) Kelvin 
mode l ,, (midd le ) Maxwel l mode l , and (bot tom ) S tandard Linear Sol id mode l . 

thee dots are the values computed by the model, using the material 
parameterss calculated by the procedure. Table 5.2 shows the calculated 
parameterr values for the three models for several stress intervals of 
onee experiment. Figure 5.4 shows the mean parameter values development 
graphically.. The viscosity (T|) values of all models were all positive 
andd developed according to the spring-dashpot arrangement in the 
modell  with setting time. The Young's modulus (E) values were also 
positivee and increased monotonically with the setting time. The 
evaluationn results for all models are illustrated in Figure 5.5. 

Onn the basis of these modeling results, the models investigated can be 
dividedd into three categories: the good, the bad and the ugly. The Kelvin 
modell  fails to predict the experimental stress in the early stage of setting 



Tabl ee 5.2 Material parameters for several cycles during one measurement of 
Clearfill F2 during setting with standard deviation in parenthesis. Parameters: 
E(X)=Young'ss modulus, rpviscosity, and 6= quantitative measure of the 
differencee between experimental and model stress. 

Tlme(s ) ) 

265 5 

404 4 

630 0 

907 7 

1473 3 

2356 6 

3572 2 

Kelvi nn mode l 

EE Tl 8 
(GPa)) (GPa.s) 

0.077 0.05 
(<0.01)) (0.01) U U U 4

1.100 0.87 i R 

(0.08)) (0.20) l i e 

4.000 1.47 
(0.14)) (0.26) ' W 

6.166 1.48 . „ 
(0.12)) (0.21) ™' 
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(0.16)) (0.27) i y 4 
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(0.17)) (0.28) Z U Ï > 
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(0.17)) (0.30) ^ Z 0 

Maxwel ll  mode l 

EE *1 8 
(GPa)) (GPa.s) 

0.122 4.98 
(<0.01)) (0.52) U U U J 1 

1.699 96.4 nfl<_ 
(0.11)) (12.3) U ö

4.433 756 0AA 

(0.18)) (166) z w 

6.333 2645 , « 
(0.2O)) (1430) Z

8.266 3460 „ ft, 
(0.2O)) (1100) ' a ó 

9.677 8609 . __ 
(0.23)) (2139) J ö y 

10.66 6907 « „ 
(0.23)) (1668) a-f* 

Standardd Linear Soli d mode l 

Eii Tl E2 8 
(GPa)) (GPa.s) (GPa) 

0.111 0.57 <0.01 
(0.08)) (1.08) (0.08) u u u < d ' 

1.811 6.46 <0.01 . „ 
(0.98)) (10.32) (1.23) U ö ' 

2.399 2.56 3.41 . „ 
(1.02)) (1.89) (0.68) l b / 

2.499 2.49 5.58 n Q 1 

(0.75)) (1.03) (0.40) U S 1 

2.188 2.31 7.54 . « 
(0.84)) (1.37) (0.51) l l ö

2.122 5.13 8.37 . u 

(0.34)) (2.98) (0.57) 1 / n 

1699 3.17 9.65 . . . 
(0.35)) (2.64) (0.63) 1 - W 

(4044 s). The model responds too stiffly to the shrinkage part of the 
interval,, i.e., the slope of the model curve is substantially higher than that 
off  the resin composite in the experiment. In comparison with the other 
models,, the 5 parameter (Table 5.2) shows the highest value. As 
expected,, in this stage of setting the material undergoes permanent 
viscouss flow. 

Laterr on in the setting process (1473 s), the stress curves show a 
significantt disparity between experiment and model on only a very 
smalll  portion of the curve. In this stage of setting, the resin composite 
undergoess reversible viscous flow. Since the Kelvin model predicts 
onlyy reversible viscous flow, the model responds significantly higher to 
thee overall shrinkage strain history of the resin composite than the 
compositee in the experiment (Fig. 5.4). 

AA general problem with the Kelvin model is that it predicts dis-
continuouss stresses, if the strain rate is not continuous (Eq. 4.5). When a 
sinusoidall  strain pulse is applied, the strain rate is cosine shaped, i.e., it 
iss zero before the pulse starts and jumps as the strain pulse is applied. 
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Therefore,, on the basis of the absence of the discontinuous stress change 
inn the experimental stress curve, Hübsch concluded that the behavior of 
shrinkingg resin composite is by nature viscoelastic liquid [1]. However, 
thee absence of a stress jump in the experimental stress curve may 
indicatee an important restriction of pulse sinusoidal strain analysis, 
namelyy the absence of strain history. A mathematical sinusoid has no 
beginningg or end (Fig. 3.14). Thus, due to the damping of the specimen, 
wee would expect a stress jump in the experimental stress response at the 
beginningg of the sinusoidal stress, resulting in a phase shift between the 
stresss and strain sinusoidal curve. The absence of the stress jump could 
bee due to the fact that the "sinusoid" was applied experimentally, and 
thuss did have a starting point. In future studies, therefore, the sinusoidal 
strainn should be applied not as a pulse but continuously. This slight 
modificationn of the measuring procedure not only enhances the accuracy 
off  the modeling procedure, but also makes it possible to analyze the 
stress-strainn data directly by means of phase shift calculation [9]. The 
analysiss of the stress-strain data makes a direct contribution to the 
study,, providing a better understanding of the viscoelastic behavior 
off  shrinking dental restorative materials. 

Thee Maxwell model produced the most accurate results. The model 
predictss good composite behavior on the shrinkage part of the interval, 
butt not in the area of rapid stress change. This is in agreement with the 
modelingg results of Hübsch [1]. The stress curves in Figure 5.3 show that 
inn the area of the sinusoid curve, the model responds with the same stiff-
ness,, but with a less viscous flow than the resin composite in the 
experiment.. A closer look in the last section of the sinusoid curve at 404 
secondss reveals that the model responds slightly softer than the material 
inn the measurement. This can be explained by the fact that the material 
parameterss were held constant in time, whereas in reality polymerization 
continues,, leading to an increase in the stiffness. 

Thee Young's modulus values of Clearfil F2 are in agreement with the 
valuess calculated by Hübsch [1] and in previous work [2]. The value of 
10.66 GPa obtained at a 60-minute setting (Table 5.2) likewise seems 
realisticc when compared with the value of 12.4 GPa provided by the 
manufacturer.. Any difference between these values can be explained by 
differencess in batches, mixing ratios, age of the composites, and test 
methods.. Therefore, a valid comparison with Young's modulus of 
restorativess requires that the conditions of specimen handling and the 
methodd must be specified. 

Thee viscosity values of this study are in agreement with the findings of 
Hübsch,, but differ significantly from those calculated in previous work. 
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Figur ee 5.4 Mean parameter values of the (top ) Keivin model, (middle ) Maxwell 
model,, and (bottom ) Standard Linear Solid model versus the setting time of 
Clearfill F2. The results obtained by Hübsch [1] and previous study [2] for 
Clearfill F2 are also incorporated in the Maxwell graph ( ( A , A ) and ( B , D ) 
respectively).. Error bars indicate the relative standard error in the calculated 
meann (n=3). 
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Thee parameter identification procedure used by Hübsch differs in only 
onee aspect from that employed in the present study [5]. In this study, the 
differentiall  equation of the Maxwell model was solved analytically, 
whereass in Hiibsch's study it was solved numerically (Runge-Kutta 
algorithmm [8]). In previous research, however, the material parameters 
wheree calculated by a different modeling procedure, namely directly, 
usingg a least squares method to a system of normal equations derived 
fromm the differential equation. Thus, the differential equation was not 
solvedd and no iteration process (indirect method) was used. Obviously, 
nott only the noise accompanying the experimental stress data [5], but 
alsoo the architecture of the modeling procedure has a decisive influence 
onn the viscosity values. For the present, it is not possible to check 
whetherr the viscosity values are realistic for dental resin composites, 
becausee there is no information in the literature on this material 
parameterr of setting dental resin composites. 

Thee results of the evaluation of the Maxwell model reveal several 
interestingg features. First, the Maxwell prediction agrees very well with 
thee experimental stress up to 11 minutes into the setting process, during 
whichh 78 % of the axial shrinkage of the composite at one hour takes 
place.. This means that a large proportion of the shrinkage is 
accompaniedd by permanent viscous flow of the material. 
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Figuree 5.5. Axial shrinkage stress development (— measured, «Kelvin model, 
AMaxwelll model, and d Linear Solid model) of Clearfil F2 during 
settingg at configuration factor C=0.5. Error bars indicate the relative standard 
errorr in the calculated mean (n=3). 



AA second feature is that the composite undergoes permanent viscous 
floww in the post-gel phase of the resin composite for a considerable 
timee (8 min). Thus, even when the elastic behavior dominates over the 
viscouss flow behavior, the material is capable of flowing permanently. 
Thiss justifies the use of the Maxwell model to reveal significant 
differencess in the development of the material parameters of dental 
restorativee materials from different classes during the early stage of 
settingg [2]. 

Finally,, for the setting time period of 11-30 minutes, the Maxwell model 
predictss higher stresses. The reason could be that the material para-
meterss were calculated from a stress response, generated with an 
exclusivelyy dynamical strain input (Fig. 5.3), while in reality the 
compositee undergo slow shrinkage strain (Fig. 5.2a). The viscosity 
valuess might therefore be predicted too high - the Maxwell response is 
dominatedd by the instantaneous spring - while in reality the composite 
cann show a more stress relief behavior. Although the prediction is not as 
goodd as for the first 11 minutes of setting, it is quite satisfactory for 
modelingg purposes. In the remainder of the setting phase, the Maxwell 
modell  predicts too much stress relief, which is clearly not the case in the 
experimentall  situation. 

Ass expected, the Standard Linear Solid model is able to describe both 
viscoelasticc liquid and viscoelastic solid behavior of the resin composite 
duringg setting. This is reflected in a gradual decrease in the E] modulus 
andd a simultaneous increase in the E2 modulus (Fig. 5.4). For the first two 
stresss intervals analyzed, the E2 modulus is very close to zero (Table 5.2), 
soo that the Standard Linear Solid model degenerates into the Maxwell 
model.. However, the presence of the E2 modulus parallel to the Maxwell 
unitt in the Standard Linear Solid model gives rise to the more viscous 
floww behavior of the model. This is shown by the low viscosity values for 
thee Standard Linear Solid model in comparison with the Maxwell model, 
whilee the Ej modulus value in the Standard Linear Solid model is 
approximatelyy the same as for the E modulus in the Maxwell model. 

Unfortunately,, the evaluation results clearly show that the Standard 
Linearr Solid model fails to predict the viscoelastic behavior of the 
two-pastee resin composite as excited by the conditions of the test method 
(Fig.. 5.5). The reason for predictive failure in the remainder of the 
settingg process is that the experimental conditions of the test method are 
nott good enough for predictive modeling with a 3-parametric model. As 
thee shrinkage strain rate declines, and the contribution of shrinkage 
strainn to the applied strain deteriorates as the setting process continues, 
thee stress response becomes more exclusively dynamical, i.e., more 
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dependentt on the sinusoidal strain of one frequency alone Val idat ion 
resultss revealed that the three parameters cannot be determined properly 
whenn the shr inkage strain rate drop under the value of 0.0003 %/ s [5], 
wh ichh was reached by Clearfil F2 at approx imate ly 7 minutes after 
mixingg (Fig. 4.5). Al though the model ing results of the Standard Linear 
Solidd model at 1473 s are better than for the Kelvin model (Table 5.2), the 
valuess of Ej and E2 must therefore be considered quest ionable. 

Conc lus ionss and recommendat ions 

Threee viscoelastic models were proposed for the descript ion of the 
linearr viscoelastic behavior of a commercially available two-paste resin 
compositee dur ing setting. The Standard Linear Solid model could only 
pred ictt the v iscoelast ic behav ior of the two-pas te composi te for 6 
minutess in setting time. This is not due to model incapability, but due to 
thee fact that the exper imental condi t ions of the test method are not 
goodd enough for pred ic t ive mode l ing wi t h a 3-parametr ic mode l. 
Modificationss in the application software of the test system would make 
i tt far better suited for the identification of the three parameters of the 
Standardd Linear Solid model. It is advisable to perform s inusoidal 
deformationss with different frequencies simultaneously; i.e., as a mult i-
sine.. With in mind not to exceed the strain l imitation for l inear visco-
elasticityy (0.5 %), this would result in better predictive modeling with the 
Standardd Linear Solid model. 

Unti ll  then, good predict ive model ing can be carried out by using the 
Maxwelll  model up to 30 minutes into the setting process and the Kelvin 
modell  dur ing the remainder of the setting process. In future studies, the 
sinusoidall  strain should be applied not as a pulse, but continuously. This 
slightt modification of the test method not only enhances the accuracy of 
thee modeling procedure, but also makes it possible to analyze the stress-
strainn data directly by phase shift calculation, leading to the material 
parameterss E' (storage modulus) and E" (loss modulus). 
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6 6 
INFLUENCEE OF TEGDMA/BISGMA RATIO IN EXPERIMENTAL 

RESINN COMPOSITES ON SELECTED MECHANICAL 
PROPERTIES S 

Abstract t 

Thee shrinkage of resin composites, in combination with increasing stiffness, 
willl inevitably lead to stress development in the restoration and its surroundings. 
Onee way to relieve the shrinkage stress is by viscous flow of the composite from 
free,, unbonded surfaces. This study examines the possibility of stimulating 
viscouss flow by increasing the TEGDMA/bisGMA ratio in the resin of the 
experimentall composites. A series of experimental two-paste composites of 
varyingg TEGDMA-bisGMA composition in the resin were used to determine 
howw comonomer composition affects the shrinkage stress-strain, viscoelastic 
property,, and double-bond conversion during setting. In addition, the tensile 
strengthh of the composites after setting for one hour, and the wear process over 
aa period of one year were evaluated. 
Varyingg the relative amounts of bisGMA and TEGDMA has a significant effect on 
thee mechanical properties of two-paste composites. It was found that the 
polymerizationn rate of bisGMA-TEGDMA composites is an indicative measure 
off viscoelastic behavior during setting: the higher the reactivity, the higher 
thee stiffness and viscosity. Composites with 50 wt% TEGDMA in the resin 
displayedd the highest maximum polymerization rate. Higher amounts of 
TEGDMAA in the resin resulted in an increased amount of converted double 
bonds,, increased wear, and reduced tensile strength. Higher amounts of 
TEGDMAA resulted in only a moderate increase in the pre-gel viscous flow of 
compositess in the early setting phase, and displayed high shrinkage stresses. 
Thee high post-gel shrinkage of this flowable composite is the decisive factor in 
thee high shrinkage stress development in the material. 



In t roduct io n n 

Throughoutt its lifetime, the interface between a resin composite and 
thee tooth is subjected to the challenge of cyclical thermal and load 
stresses,, which can potentially cause debonding and lead to clinical 
failuree of the restorative treatment. Before the restored tooth is subjected 
too these stresses, the maturing restoration-tooth interface has first to 
survivee the build-up of shrinkage stress during the setting process of the 
resinn composite. Therefore, the success of a tight sealed restoration 
afterr preparation is rooted in minimizing shrinkage stress development 
inn the restoration. 

Too prevent damage from shrinkage stress, dental literature has given 
considerablee attention to several factors, which reduce shrinkage stress 
inn the restorative material during setting [1]. Some factors are out of the 
clinician'ss control, i.e., resin, filler, and activation system formulation, 
whilee others are directly under the clinician's control, i.e., ratio two-paste 
system,, light-intensity, and preparation geometry (C-factor). These 
factorss not only affect the amount and direction of composite shrinkage, 
butt also the mechanical behavior of the restorative material when it 
transformss from a fluid substance to a solid [2]. Previous studies showed 
thatt the mechanical behavior of resin-based dental materials during 
settingg is viscoelastic by nature [3-5]. Up to the gel-point, the viscous 
flow11 property predominates, whereas after the gel-point, the elastic2 

behaviorr predominates. We shall avoid the word solid for polymerized 
composites,, because the superficial appearance of the composite can be 
misleading.. A composite can look solid and yet achieve flow deformation 
overr a long period of time. 

Shrinkagee stress development in the restoration can be low when 
shrinkagee is accompanied by predominant (pre-gel) viscous flow of the 
materiall  [6]. In this way, volume change attributable to shrinkage can be 
compensatedd by material flow from the unbonded, outer surface. This 
chapterr is focused on the mechanical properties of experimental 
compositess with different TEGDMA/bisGMA ratio in the resin. Hence, 
dynamicc mechanical, volumetric shrinkage, and wear tests were 
performedd as a function of resin composition. For this purpose, 
conventionall  resin formulation is briefly reviewed in the introduction. 
Forr a detailed description of the conventional monomer system, we 
referr to Peutzfeldt [7] 

Thee viscous flow property in dental composites is provided by the resin 
phase,, as it changes from viscous to solid behavior after setting. Many 

'viscouss flow: polymer chains or isolated cross-linked segments slipping past one another (Fig. 2.4). 
2elasticc deformation: rotations along the chain backbone of the polymer (Fig. 2.5). 
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today'ss commercially available dental resin composite materials utilize 
bisGMAA (Fig. 6.1) as major monomer in the resin. This bulky bifunctional 
monomerr has high reactivity, high molecular weight, undergoes low 
polymerizationn shrinkage, and produces a cross-linked, three-
dimensionall  resin network [7]. 

However,, due to presence of intermolecular hydrogen bonding 
(H-O—H-O)) in the monomer [8, 9], bisGMA possesses a very high 
viscosity.. For this reason, the resin phase of dental composites cannot 
consistt purely of bisGMA, because this would lead to poorly filled and 
toughh composite pastes, which handling property is not acceptable in 
generall  dental practice. Deviatives of bisGMA have been developed 
byy selective replacement of the hydroxyl group by hydrogen or methyl 
groupss [10, 11]. As a consequence, the viscosity of the deviative was 
lowered,, but also the mechanical properties of the polymerized resin, as 
hydrogenn bonding restricts sliding of polymer segments relative to 
eachh other [10, 11]. 

Investigationss have been carried out in the use of monomethacrylates as 
diluentt for bisGMA [12, 13]. Some concern can be addressed to the 
impactt this type of diluent may have on the degree of cross-linking in the 
resinn after setting. Monomethacrylates tend to give linear polymers 
whenn polymerized by themselves and may still do so in mixtures. 
Therefore,, conventional glycol dimethacrylates, which are cross-linking 
agents,, are used as diluent for bisGMA. The monomer most often used 
forr this purpose is TEGDMA (Fig. 6.1). To put the viscosities in 

HH CH3 OH W C H 3
W OH CH3 H 

bisGM A A 

(2,2-bis[4-(2-hydroxy-3-methacrylyloxypropoxy)phenyl]-propane) ) 

OO CH3 u 

HH CH3 O 

TEGDMA A 

(triethyleneglycoll dimethacrylate) 

Figur ee 6.1 Chemical structures of bisGMA and TEGDMA. 
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oo perspect ive, the viscosity of water is approximately 1 mPa.s (23 °C), 
EE while the viscosity of bisGMA is approximately 1,000,000 mPa.s (23 °C), 
88 and that of TEGDMA approximately 10 mPa.s (23 °C) [14]. 
« « 
V) ) 

«« However, TEGDMA has been shown to adversely affect the properties of 
óó the resin by increasing the water sorption and polymerization shrinkage 
££ [15, 16]. The increase in polymerization shrinkage is a consequence of the 
SS fact that TEGDMA is a small molecular dimethacrylate molecule, which 
°° del ivers more vinyl (C=C) groups per volume unit to the resin system. 
22 Because of the re la t ionsh ip be tween doub le -bond convers ion and 
SS polymer izat ion shr inkage strain [1], increasing the amount of double-
QQ bond conversion increases volume shrinkage dur ing setting of the resin, 
22 under assumpt ion of similar reactivity. However, the relative ease of 
\\ flow of these resin compos i tes may cause a lower po lymer iza t ion 
55 shr inkage stresses. 

55 To examine this potential advantage of material flow, we determined the 
22 mechan ical behav ior dur ing set t ing of compos i tes wi t h di f ferent 
q>> TEGDMA/b i sGMA rat io in the resin. In addi t ion, the double-bond 
fcfc conversion dur ing sett ing and the wear proper ty after sett ing of the 
—— compos i tes were s tud ied to unde rs tand the effect of TEGDMA 

 concentrat ion in the resin. 

CO O 
Mate r i a l ss a nd m e t h o ds 

Prepara t i onn of chemical ly ac t iva ted res in c o m p o s i t es 

Inn this study, three chemically activated resin composities, with different 
b isGMA-TEGDMAA composi t ion in the resin, were eva lua ted. The 
ingredientss for the preparation of the composites were used as received. 
BisGMAA and TEGDMA, purchased from Röhm (Appendix B), were 
inhibi tedd with 200 ppm Topanol O* and 100 ppm HQME3 respectively. 
Thee trade designat ions, abbreviations, and sources for all materials are 
givenn in Table 6.1. 

TEGDMAA was added to bisGMA in propor t ions of 30, 50, and 70 % by 
weight.. The monomer mixes were prepared by weighing the components 
intoo glass vials and rotat ing hor izontal ly at room temperature unt il 
h o m o g e n e o u s.. The mix tures were degassed for 15 m inu tes under 
vacuumm pr ior to determine the densi ty by pycnometry. The volume of 
thee pycnometer was determined with deionized water (23 °C). 

Forr prepar ing the composite, each monomer mixture was div ided into 

3HQMEE = monomethyl ether of hydroquinone 
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Tabl ee 6.1 Materials used for preparation of two-paste resin composites. 

Compoun d d 

Bisphenol-A-glycidyll dimethacrylate 

Triethylenee glycol dimethacrylate 

Benzoyll peroxide (25%H20) 
NN ,N-bis(2-hydroxyethyl)-p-toluidine 

Butylatedd hydroxytoluene 

Silanated44 glassfiller3 (LAB7373, 

p=2.64g/cm33 (23 , dp'' =1.53 urn, 

BET=5.00 m2 /g) 

Abbreviatio n n 

bisGMA A 

TEGDMA A 

Initiator r 

Accelerator r 

Inhibitor r 

Filler r 

Supplie rr  (appendi x B) 

Röhm m 

Röhm m 

Aidrich h 

Fluka a 

Fluka a 

SCHOTT T 

a500 wt% Si02 , 20 wt% SrO, 15 wt% B203 , 15 wt% A l 2 0 3 , and 1 wt% BaO 
bmeann particle size 

twoo portions. The activator was dissolved in one part (base resin) and the 
initiatorr was dissolved in the other part (catalyst resin). Finally, an 
inhibitorr was added to both resins. The amounts of activator, initiator 
andd inhibitor were chosen to mimic, as close as possible, commercially 
availablee conventional dimethacrylate composites (Table 6.2). Finally, all 
resinss were loaded with silanated glass filler (mean particle size about 

Tabl ee 6.2 Composition of the resins for the 3 two-paste composites. 

Compound d 

bisGMA A 
TEGDMA A 
Initiator r 
Activator r 
Inhibitor r 

paa (g/cm3) 

Totall C=C 
(moi/cm3) ) 

300 wt% TEGDMA 

Basee resin Catalyst resin 
(wt%)) (wt%) 

69.055 69.05 
29.600 29.60 

1.33 3 
1.33 3 
0.022 0.02 

1.13410.002(23.66 ) 

5.473-10"3 3 

500 wt% TEGDMA 

Basee resin Catalyst resin 
(wt%)) (wt%) 

49.322 49.32 
49.322 49.32 

1.33 3 
1.33 3 
0.022 0.02 

1.1199 2 (23.1 ) 

6.088-10'3 3 

700 wt% TEGDMA 

Basee resin Catalyst resin 
(wt%)) (wt%) 

29.600 29.60 
69.055 69.05 

1.33 3 
1.33 3 
0.022 0.02 

1.09810.001(24.55 ) 

6.660-10-3 3 

aMeann density value (n=3) of base resin is statistically similar to catalyst resin 
(p<0.05). . 

"Thee glass filler was silanated by Heraeus Kulzer by means of a dry-blending process [17]. In this 
process,, the glass was grinded in a ball mill for about half an hour. The volume proportion between 
glasss and balls should be nearly 50/50. The silane coupling agent y-methacryloxypropyl-
trimethoxysilanee (MPS) was added 50 % in excess to the theoretically necessary amount for covering 
thee glass surface fully with one layer of silane obtaining a monolayer and the milling continued for three 
hours.. This mixture was heated four hours at 100 to 104 C in an oven. Finally, the glass was 
sievedd by 200 urn. 



1.55 ^m) to a content of 70 wt%. This filler content 4 % in volume, 
iss characteristic for commercially available flowable composites [18]. The 
resinn was mixed with filler using the following procedure. The resin was 
spreadd over a Teflon plate and a small fraction of the glass filler amount 
wass spread as a thin layer over the resin. The filler and resin were 
gentlyy mixed by shearing the mixture between a Teflon spatula and 
thee Teflon plate until homogeneous. Again, the mixture was spread 
overr the Teflon plate and the next small fraction of the glass filler 
amountt was spread as a thin layer, and mixed with the same shear 
movementt by the Teflon spatula. After mixing the mixture with the 
finall  glass filler fraction, the composite was degassed for 15 minutes in 
ann excicator. The composite was stored for 2 days at room temperature. 
Finally,, the composite was mixed again on the Teflon plate, degassed for 
155 minutes, and finally stored in a refrigerator at 6 °C. 

Exceptt for the wear experiments, the amount of composites was kept 
constantt (0.114 cm3) and the measurements were performed under dry 
conditionn at room temperature 1 °C). 

Dynamicc test: oscillatory sinusoidal cycles 

Thee viscoelastic property of the resin composites during setting was 
measuredd using the oscillatory sinusoidal strain test on an automated 
universall  testing machine (H10KM, Hounsfield). Details of the testing 
machinee are described extensively in chapter 3 of this thesis. The freshly 
mixedd resin composite (1:1 w/w) was bonded between opposing steel 
diskss with diameter (d) of 5.4 mm and separated by a distance (h) of 5.0 
mm,, creating a C-factor of 0.5 (=d/2h). During the measurement, the 
upperr disk performed an oscillating sinusoidal deformation with 
amplitudee of 1.0 jim. (=0.02 % strain) and frequency of 0.1 Hz around the 
originall  height of the specimen (Fig. 6.2). 

Onee hour after the start of the experiment, the resin composite was 
subjectedd to tensile loading (5 ^m/min) until fracture. The 
measurementss were repeated 3 times at room temperature 1 °C). 
Duringg the measurement, the data (time, load, and displacement signal) 
weree collected simultaneously at a sample rate of 18 points per second. All 
measurementss were started within 2 minutes after mixing the composites. 

Volumetricc shrinkage 

Duringg the dynamic test measurement, the axial shrinkage strain of 
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Figur ee 6.2 Dynamic test method on an automated universal testing machine. An 
osci l la toryy s t ra in , measured by two (2)LVT t ransducers is appl ied to the (1) 
spec imen ,, wh ich is kept w i th in 1 urn at a cons tan t height . The s t ress 
responsee to the osc i l l a to ry input is s u p e r i m p o s e d on the p o l y m e r i z a t i o n 
shr inkagee stress. 

thee specimen was not measured, because the oscillatory deformation was 
performedd around the original height of the specimen. However, the 
displacementt caused by axial shr inkage must be taken into account 
whenn modeling the stress data recorded by the dynamic test method. For 
thiss reason, volumetric shrinkage measurements (n=3) were performed 
byy a mercury dilatometer at 1 °C, using the procedure described by 
Dee Gee et al. [19]. Al l measurements were started within 2 minutes after 
mixingg the composites. 

Parameterr ident i f icat ion on stress-strain data 

Forr this investigation, it was assumed that the mechanical propert ies 
off  the composite are isotropic (the same in all directions), and that the 
viscoelasticc behavior of the composites in the early stage of sett ing can 
bee described by the Maxwell model [20]. The load and displacement data 
fromm the osci l latory strain measurement were converted to normal 
stresss (G) and st ra in (£) data by us ing Equat ion (6.1) and (6.2) 
respectively: : 

(77 = (6.1) ) 

axial axial 

AL AL (6.2) ) 

inn which A is the cross-sectional area of the cylindrical specimen (m2), 
FF the recorded load response of the specimen (N), AL is the displacement 
recordedd by the LVDT t ransducers (m), L0 the height of the specimen 



beforee setting (m). The shrinkage and dynamic component in the stress 
dataa were isolated with the standard Fast Fourier Transform (FFT) 
smoothingg procedure in Origin (version 5.0, Microcal). 

Thee Maxwell's material parameters (E=Young's modulus and T|=viscosity) 
weree determined by applying the parameter identification procedure, 
ass described in chapter 4, on small time intervals (ten seconds) in the 
stress-strainn data. The strain for the small time intervals was calculated by 
addingg the oscillatory strain of the dynamic experiment to the shrinkage 
strain,, which was considered as a linear function: 

£(t)£(t) = £(t0)+At + Bsm(eot) (6.3) 

inn which £(t0) is the strain at begin time interval, A is the slope of the 
shrinkagee strain ( l /s ), B the amplitude, and co the angular frequency 
( rad/s)) of the applied oscillatory strain. The shrinkage strain was 
obtainedd from the free volumetric shrinkage data by the conversion 
factorr provided by Feilzer and co-workers (Table 3.1). 

Inn an evaluation procedure, the Maxwell model was loaded with the 
calculatedd parameters and shrinkage strain of the composite, to 
determinee up to where in setting time the model simulates the real 
behaviorr of the composite. Details of the evaluation procedure are 
describedd in chapter 4 of this thesis. 

Stresss relaxation time 

AA number of constraints must be placed on the Maxwell's model 
parameters.. Al l parameters have to be positive, and must increase 
monotonicallyy over time. Stress relaxation is an important material 
property,, involving the time-dependent decrease in stress at constant 
strainn by viscous flow. A measure of stress relaxation under constrained 
conditionss is the so-called stress relaxation time (t). This material 
property,, defined as rj/E for this model, is the time required for the 
stresss to decrease to 1 / e (=37 %) of its initial value. 

Infraredd spectroscopy 

Thee infrared measurements were performed on a Biorad 165 FT-IR 
spectrometer,, equipped with a DTGS-detector, and controlled by Win-
IRR software (version 2.04, Biorad) on a Pentium (200 MHz) desktop 
computerr (Windows® 98 platform). 
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Tabl ee 6.3 Infrared measurement protocol for two-paste resin composites. 

Typee Numbe r of scan s Resolutio n (cm- 1) Time (s) 

Backgroundd scan 16 2 40 

Insertionn individual paste 

Staticc scan 64 2 160 

Insertionn mixed pastes 

Kineticc scan 4 2 10 

Remark s s 

Background d 

Noo conversion spectrum 
performedd 1 time 

Conversionn spectrum 
performedd 385 times 

Al ll  specimens were measured in a Teflon mold (d=5.4 mm, h=5.0 mm) 
placedd direct ly on a Golden Gate (Single Reflection Diamond ATR, 
105000 series, Graseby). The top of the cylindrical specimens was covered 
wit hh a greased glass slide. Absorbance spectra were taken before and 
duringg the setting of the resin composites, according to the measurement 
protocoll  as specified in Table 6.3. The kinetic scan was started within 60 

Figur ee 6.3 Peak of methacrylate double-bond stretch vibration (1636 cm1) 
andd 1,4-disubstituted phenylene stretch vibration (1582 cm1) as internal 
referencee [21]. The baseline (dotted line) for the methacrylic peak is drawn from 
approximatelyy 1655 to 1590 cm ' . 



oo seconds after mixing the composites. The double-bond conversion ( )̂ for 
gg each spectrum was determined by the following equation: 
o o 

55 M 
Ó Ó 

«« = 1-^- (6-4) 

wheree ct is the ratio of the peak height of the methacrylate double-bond 
stretchh vibration at 1636 cm' to the peak height of the internal reference 

22 (Fig- 6.3) at time t, and u is the same (mean) ratio for the individual 
22 pastes. The static and kinetic scans were measured 3 and 5 times 
SS respectively. 
Q Q 

^^ Wear 

i i 
<£JJ The erosive wear performance of the experimental composites was 
55 tested by three-body wear tests in the ACTA wear machine (ACTA, 
88 The Netherlands), shown in Figure 6.4. This wear test mimics the clinical 
o»» condition in which the occlusal surface of the restoration is exposed to 
5== stresses and relative motions associated with chewing and a third-body 
*  medium. The third-body medium contains components resembling 

HBB those, which are present in natural food. A detailed description of the 
 wear machine and its functioning has been given by Pallav et al. [22-24]. 

^^ Each compartment in the sample wheel was filled with freshly hand 
o__ mixed (1:1 wt%) composite material, covered by a matrix, and 
-cc polymerized at room temperature. The sample wheel accommodates 

threee specimens of each composite material. The commercially available 
dentall  resin composite Z100 was also included, to serve as reference. This 
light-activatedd composite, covered by a matrix, was polymerized for 180 
secondss in a halogen light curing cabinet (Dentacolor XS, Kulzer) at 
roomm temperature. After one hour, the specimens were glued onto the 
samplee wheel with cyanoacrylate, and ground with a diamond wheel 
(gritt 600), to obtain a uniform cylindrical outer surface. The starting 
profilee on the specimen surfaces was obtained in the wear machine, by 
cyclingg the wheel 25,000 cycles in used (old) slurry. After being finished, 
thee specimens were maintained at room temperature and kept wet at all 
times. . 

Thee wear of the composites was tested once at a set time intervals after 
preparationn of the specimens: after 1 day, 3 days, 1 week, 1 month, 4 
months,, and 1,4 years respectively. Each wear test run consists of 200,000 
cycless of the sample wheel at a rotational speed of 1 Hz (chewing 
frequency).. The entire process lasts approximately 55 hours. After each 
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wearr test, the third-body medium, consisting of a slurry of white rice and 
millett seeds shells, was renewed. Before and after each wear test, ten 
separatee surface profiles of each specimen in the axial direction of the 
samplee wheel were recorded in an automated profilometer set up. As can 
bee seen from Figure 6.4, the surface profile includes of two unworn 
referencee planes flanking the worn area. The average depth of the worn 
surfacee relative to the reference planes represents the wear in microns 
(verticall  loss of substance). By taking the reference areas outside the 
wearingg area, yet still on the material itself, any swelling by water 
sorptionn is canceled out in the measured wear. 

bowll with rice and mille t seed shells in water 

Figur ee 6.4 Schematic representation of the various steps in the wear test. 
Upperr  left : sample wheel with some specimens polymerized and glued onto the 
wheel.. Middle : (1) sample wheel and (2) antagonist wheel rolling over each 
otherr in a slurry of rice and millet seed shells for three-body (erosive) wear. The 
antagonistt wheel is pressed against the sample wheel by a spring force of 15 N, 
andd the surface velocity has been adjusted to obtain slip rates of 15 % for 
occlusall contact-free wear. The rotational speed of the sample wheel was 
fixedd at 1 Hz (chewing frequency). Uppe r right : surface tracings from one 
unwornn reference to the other across the worn surface for wear measurements 
[221. . 



Resultss and d iscuss ion 

Shrinkagee stress-strain data 

Thee material properties of dental resin composites depend on several 
factors,, related to the initiation system, the resin, the filler particles, and 
thee coupling between filler and resin. It is often difficul t on the basis of 
thee published literature to know what has caused measured differences 
inn material properties, because the investigated materials were different 
inn several aspects. In this study, only one factor was varied, i.e., the 
weightt composition of bisGMA and TEGDMA in the resin. 

Figuree 6.5 shows the shrinkage strain and shrinkage stress development 
duringg setting for the experimental composites with various bisGMA-
TEGDMAA weights in the resin. The more bisGMA was replaced by 
TEGDMA,, the higher the composite shrinkage strain development. This 
observationn is in agreement with expectation, because the increase of 
TEGDMAA results in the increase of double-bond content in the resin 
(Tablee 6.2). From the shrinkage results presented in Table 6.4, we may 
noticee a doubling of shrinkage during the pre-gel phase of the composite 
att each increment step of TEGDMA. Although the presence of more 
TEGDMAA in the resin leads to more flowable composites, as noticable 
duringg handling, it does not provide the desired prolonged predominant 
viscouss state for the composite. At maximum flowability, only 20 % of 
thee total shrinkage had been completed before a stress response was 
registered. . 

Thee stress-strain results show that bisGMA-TEGDMA composites reveal 
aa linear relation between the amount of post-gel shrinkage strain and the 
amountt of shrinkage stress after one hour setting. The effect of TEGDMA 

Tabl ee 6.4 Volumetric shrinkage contribution of experimental resin composites 
afterr one hour setting. 

Resinn compositio n 

300 wt% TEGDMA 

500 wt% TEGDMA 

700 wt% TEGDMA 

Pre-gell  shrinkag e 
(vol%) ) 

0.3 3 

0.6 6 

1.1 1 

Post-ge ll  shrinkage * 
(vol%) ) 

3.2 2 

4.0 0 

4.6 6 

Totall  shrinkag e 
(vol%) ) 

3.5 5 

4.6 6 

6.7 7 

## Post-gel shrinkage = part of the overall shrinkage wherein a shrinkage stress 
onn the composite is recorded. 
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onn the polymerization rate, stiffness, and viscosity development of the 
compositess wil l be presented and discussed in the next sections. 

£ £ 

700 wt% TEGDMA 

500 wt% TEGDMA 

300 wt% TEGDMA *i 

10000 2000 3000 
Timee (s) 

4000 0 

700 wt% TEGDMA 

500 wt% TEGDMA 
300 wt% TEGDMA 

Maxwelll model 

10000 2000 3000 4000 
Timee (s) 

Figur ee 6.5 (a) Volumetric shrinkage strain and (b) axial shrinkage stress 
developmentt (—measured,  Maxwell model) of experimental resin composites 
(C-factor=0.5)) during setting. The onset in shrinkage stress (=gel-point) for the 
30,, 50, and 70 wt% TEGDMA composite was 192, 180, and 190 s respectively. 

Infraredd spectroscopy 

Thee infrared results summarized in Table 6.5 provide valuable 
informationn about the effect of resin composition on the dynamics of the 
composite'ss polymerization reaction. The double-bond conversion rate 
wass determined from the time derivative of the mean conversion-time 
data. . 

Tablee 6.5 Summary of the infrared results for two-paste composites in which the 
weightt composition of bisGMA-TEGDMA in the resin was varied. 

Compositio n n 
(wtt  % TEGDMA) 

70 0 

50 0 

30 0 

Maximu m m 
conversio n n 
ratee (%/s) 

0.47 7 
(0.03) ) 

0.53 3 
(0.02) ) 

0.41 1 
(0.03) ) 

Settin gg tim e 
att  maximu m 
conversio n n 
ratee (s) 

143 3 

163 3 

186 6 

Conversio n n 
att  maximu m 
ratee (%) 

27.00 (2.4) 

25.55 (1.9) 

15.11 (2.1) 

Conversio n n 
afterr  one hou r 
{%) ) 

57.33 (2.3)a 

56.33 (3.8)a 

44.22 (3.2) 

Converte d d 
C=C C 

(mol/cm 3) ) 

1.937-10"3 3 

1.723-10"3 3 

1.208-10"3 3 

Unreacte d d 
C=C C 

(mol/cm 3) ) 

1.443-10"3 3 

1.338-10"3 3 

1.525-10"3 3 

aConversionn is not significant different from each other (p<0.05) 



Thee increase of TEGDMA in the resin phase resulted in higher double-
bondd convers ion of the composi te. This is in agreement w i t h the 
l i teraturee [12, 25]. The conversion after one hour sett ing was l imited to 
valuess below 60 %. A hundred percent conversion is practically not 
feasible,, due to the formation of a high cross-l inked polymer network, 
whichh l imit s the mobil i ty of reacting species. Studies on l ight-activated 
dentall  d imethacrylate resins revealed final double-bond conversions in 
thee range of 55-80 % [26, 27]. 

Thee increase of the double-bond conversion rate to a maximum, even 
thoughh the amount of monomer is d iminishing, is quite common in 
mu l t i func t ionall  d imethacry la te sys tems, and is known as auto-
acceleration,acceleration, gel effect, or Trommsdorff-Norrish effect [28]. This effect is 
at t r ibutedd to the growth of polymer, which results in an increase of 
viscosity.. This, in turn, has an adverse effect on the diffusion process of 
rad ica lss to te rm ina te (Fig. 2.1), resu l t ing in an increase in the 
concentrat ionn of free radicals [29]. At a certain point in the reaction 
time,, the mobility of the monomer becomes even lower, and propagation 
(Fig.. 2.1) also becomes diffusion-controlled, along with terminat ion. 
Thiss phenomenon, known as autodeceleration, causes the rate of reaction 
too fall off substant ia l ly. 

Inspectionn of the maximum conversion rates in Table 6.5 reveals that an 
increasee of TEGDMA in the resin causes the maximum conversion rate to 
shiftt significantly (p<0.05) to higher values, with an opt imum for the 
composi tee with 50 wt% TEGDMA in the resin. This observat ion is in 
agreementt with that of Lovell et al. [27], who found the highest maximum 
ratee for experimental light-activated resins in the range of 25 to 50 % in 
weightt TEGDMA. The researchers attribute the occurrence of a maximum 
ratee at this specific bisGMA-TEGDMA composition to the excellent diluent 
propertyy of TEGDMA, and the high reactivity of bisGMA [30, 31]. In this 
specificc resin composition range, sufficient TEGDMA is present to reduce 
thee initial viscosity of the composite, and thereby increasing the mobility 
off  the reactive bisGMA. When the composite contains too much TEGDMA 
inn the resin, then the less reactive TEGDMA dominates the reaction, 
result ingg in a slower polymerization reaction. 

I tt is str ik ing that the setting t ime for max imum conversion rate is not 
relatedd to the polymerization rate, but to the amount of TEGDMA in the 
resin.. The explanat ion for this observat ion may be that the composites 
d idd not had the same inhibit ion period. The monomers were stabil ized 
wi t hh different amounts of inhibitor. As the monomers were used as 
receivedd (Table 6.1), the inhibitor concentration decreased when bisGMA 
wass replaced by TEGDMA, result ing in shorter inhibitor t ime per iods. 
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Examinationn of the setting time for maximum conversion rate (Table 6.5) 
withh the start of shrinkage stress development (Fig. 6.5) reveals that the 
transitionn of the auto-acceleration to autodeceleration occurs in the 
pre-gell  setting phase of the composite. It was after 200 seconds, in 
whichh 17 % or more of the measured double-bond conversion had been 
completed,, that a stress response was registered. From statistical 
calculationss it is known that during the early stage of polymerization, 
monomerss are mainly converted into polymeric chains [32]. It may be 
expectedd that up to 17 % double-bond conversion, some cross-linking of 
thee polymer chains may have occurred, since both TEGDMA and 
bisGMAA are cross-linking agents. The fact that the composite structure 
iss still capable to flow predominantly up to 17 % double-bond conversion 
indicatee that the build up of the resin network proceeds with the 
formationn of isolated cross-linked polymer segments, which can slip 
alongg one another (Fig 2.4). 

Maxwelll  model 

Thee evaluation results of the Maxwell model reveals that even in 
thee post-gel phase of setting, the composites can still flow permanently 
forr a considerable period in time. An explanation for viscous flow 
duringg post-gel setting, wherein double-bond conversion is mainly 
consumedd for cross-linking, may be that the cross-linking reaction 
proceedss faster in polymer segments than between polymer segments. 
Cross-linkingg between growing polymer segments proceeds slowly 
withh time, due to diffusion limitations. As a result, the polymer segments 
cann still slip along one another. As soon as all polymer segments are 
connectedd to each other, viscous flow is highly restricted to processes, 
suchh as local rearrangement in the polymer network, movement of the 
unreactedd vinyl groups, and to porosity in the composites, introduced by 
mixingg and formation of carbon dioxide (Fig. 2.1). From this point in 
settingg time, the Maxwell model is no longer valid, because it predicts 
permanentt viscous flow. In this study, this point in setting time is 
reachedd at approximately 15-20 minutes (Fig. 6.5b), wherein 40 % or 
moree double-bonds have been converted. On future studies, it might be 
usefulll  to follow the setting process of dental composites with Nuclear 
Magneticc Resonance (NMR). This technique may be considered as a 
typee of chemical microscope, by which the bisGMA and TEGDMA units 
duringg the polymerization process can be monitored [33]. 



Materiall  parameters 

Thee Maxwell parameters E (Young's modulus) and n (viscosity) were 
examinedd up to 15 minutes after mixing, because the Maxwell model had 
beenn proved valid during this setting phase (Fig. 6.5b). Table 6.6 
summarizess the calculated values for several points in setting time of one 
measurement. . 

Maximumm double-bond conversion is obtained when the amount of 
TEGDMAA in the resin is increased. The student's t test with pooled 
variancee (p<0.05) demonstrated that the maximum amount of double-
bondd conversion after one hour setting, was similar for the 50 and 70 
wt%% TEGDMA composite. As the viscosity and Young's modulus 
developmentt with setting time differs significantly (Table 6.6), one may 
concludee that the effect of TEGDMA on the viscoelastic property is not 
solelyy due to the degree of conversion. Probably, the amount and nature 
off  the TEGDMA and bisGMA subunits in the polymer network also 
playss a role in the viscoelastic behavior of the composites. The aromatic 
bisGMAA molecule is relative stiffer than TEGDMA. The aromatic group 
inn the central part of the molecule (Fig. 6.1) causes much larger barriers 
too rotation about the bonds. TEGDMA is more flexible, because the 
etherr (C-O-C) linkages of the molecule give rise to only slight barriers to 
freee rotation about the bonds. Furthermore, bisGMA molecules are 
capablee of forming hydrogen bonding, which restricts sliding of polymer 
chains,, thereby increasing the viscosity of the system. The highest 
Young'ss modulus and viscosity development with setting time for the 50 
wt%% TEGDMA composite can be explained by the fast polymerization 
reaction,, in combination with the build of an optimum bisGMA and 
TEGDMAA monomer ratio in the polymer network, and the low 
concentrationn of unreacted double-bond in the resin (Table 6.5). Too 
muchh TEGDMA in the resin results in a slower polymerization rate, a 
moree flexible polymer network, and more unreacted double-bonds in the 
resin.. As a result, the stiffness and viscosity development with setting 
timee is lower. 

Clearly,, the polymerization rate of bisGMA-TEGDMA composites is 
ann indicative measure for the stiffness and viscosity development of the 
composite.. This is visualized in Figure 6.6. Instead of plotting the 
Maxwelll  parameters individually, the ratio of viscosity to stiffness, the 
so-calledd stress relaxation time, is given for each composite. Stress-
relaxationn is a measure of stress relief under constrained conditions. It 
representss the time required for the stress to decrease to 1 /e (=37 %) of 
itss initial value. The effect of TEGDMA on lowering the viscous state of 
thee composite, which is similar to the effect of increasing the 
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temperature,, lasted only for the first minute in low stress-relaxation 
t imes.. After this per iod, the stress relaxation t ime development occurs 
accordingg the polymerization reaction rate, as discussed in the previous 
section. . 

Dee curves in Figure 6.6 and Figure 6.5 show that for the most reactive 
bisGMA-TEGDMAA composites, the post-gel shr inkage is the decisive 
factorr in the shr inkage stress development of the composite. Too much 
TEGDMAA in the resin leads to a higher concentrat ion of double-bond 
conversion,, and thus higher post-gel shrinkage. As the relaxation curve 
i ss only sl ight ly lower than for the 50 wt% TEGDMA composi te, the 
u l t imatee shr inkage stress development is higher. 

Thee composi te w i t h the lowest content of TEGDMA undergoes low 
post-gell  shrinkage and develops low relaxation times. As a consequence, 
thee shrinkage stress is favorable low, which allow the bond to the cavity 
walll  a chance to form and remain intact. However, due to the restricted 
mobi l i tyy of the bisGMA monomer, less double-bonds are converted. 
A ss a result, relat ively more unreacted monomer wil l be present in the 
composi te.. The presence of unreac ted monomers is of considerable 
concern,, because these monomers wil l slowly leach into the surrounding 
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medium,, resulting in deleterious effects on the mechanical stability 
andd biocompatibility of the restoration [34, 35]. Further studies with 
bisGMA-TEGDMAA composites should be focused on two aspects, which 
cann reduce post-gel shrinkage of the composite. First, the most reactive 
bisGMA-TEGDMAA composition must be better specified by increasing 
thee TEGDMA in smaller increments. An optimum directed toward the 
usee of less TEGDMA should results in less post-gel shrinkage. Second, 
thee application of diatomites as dental filler must be tested [36]. This 
highh porosity material, with pore size in the range of 1.5-22 //m, allows 
thee formation of an integrated resin-filler system. In this case, shrinkage 
off  the polymer system does not occur solely between filler particles, 
which,, ultimately, should lead to lower post-gel shrinkage. 

Young'ss modulus and tensile strength after one hour setting 

Tablee 6.7 summarizes the elastic modulus and tensile strength of 
thee composites after one hour setting. Al l composites fractured 
cohesively,, whereby the fracture always started at one side at the 
peripheryy of the metal-composite interface, and propagated at a small 
anglee to the other side. The diameter of the fractured surface area did not 
derivatedd significantly from the diameter of the paper matrix. 

Tabl ee 6.7 Material properties of experimental resin composites at a 60-
minutee setting (mean - SD). 

Materia ll  propert y 30 wt% TEGDMA 50 wt% TEGDMA 70 wt% TEGDMA 

Young'ss modulus (GPa) 6.97(0.1) 7.24(0.1) 7.08(0.1) 

Tensilee strength (MPa) 29.3(5.1) 20.0(4.0) 17.8(3.6) 

Thee Young's modulus values are in agreement with the results of 
Asmussenn et al. for experimental light-activated bisGMA-TEGDMA 
compositess [37]. They found also a maximum in the Young's modulus. 
Duee to the smaller increments, the maximum was observed at a 64 wt% 
bisGMAA - 36 wt% TEGDMA composition in the resin. The existence of an 
optimumm bisGMA-TEGDMA composition toward less TEGDMA is 
favorable,, because this wil l ultimately cause less post-gel shrinkage 
strainn of the material. 

Thee relationship between tensile strength and monomer composition 
contrastss with the findings of Asmussen and co-workers. They observed 
ann increase of tensile strength with the amount of TEGDMA, while in this 
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study,, the opposite relation is observed. Many factors (methodology, 
specimenn preparation, initiation system, etc.) may contribute for the 
differencee in observation. The most decisive factor, probably, wil l be the 
specimenn preparation, as this affects the structural integrity, and, 
therefore,, the tensile strength of composites severely. In the study of 
Asmussenn et ah, specimens of light-activated composites were prepared 
inn a mold, under (shrinkage) stress free conditions. In this study, 
specimenss of chemically activated composites were prepared during 
dynamicc testing. In this test, the composite was loaded with shrinkage 
stresss (Fig 6.7). It is known that internal stresses stimulate microvoid 
formationn in the composite structure [36]. For this reason, it may be 
expectedd that the composites in this study contain microvoids. The 
higherr the shrinkage stress, the more microvoids may be expected. In 
addition,, hand mixing of composites introduce porosity, another source 
off  microvoids formation. High amount of microvoids weakens the 
composite;; i.e., the difference between the real (bulk) value and 
measuredd value becomes greater. By stretching the composite until 
fracture,, the microvoids may grow substantially until they reached the 
criticall  size, and initiated the fracture process. The higher the amount of 
microvoids,, the more the measured value deviates from the bulk 
material.. This might be the case in our study, while Asmussen and co-
workerss measured more likely the bulk property of the composites. 
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Thiss observation of the tensile strength dependence on the shrinkage 
stresss is of clinical relevance in dentistry. 

Thee reason for the good agreement between the Young's modulus in this 
studyy with Asmussen and co-workers is that the values for the Young's 
moduluss were determined from the initial (straight) stress-strain portion 
off  the tension curve. In this region, the elongation of the composites, and, 
therefore,, the growth of the microvoids was relatively small. As a result, 
thee measured moduli are representative for the bulk material. 

Wear r 

Ann increase of TEGDMA in the resin phase results in a higher 
concentrationn of converted double-bonds in the composite (Table 6.5). 
Thiss benefits the adhesion between the resin and the filler, because 
moree converted double-bonds could contribute to bind the resin to the 
filler ,, leading to increased wear resistance. The results of the erosive 
wearr test (Fig. 6.8) confirms this statement; the higher the TEGDMA 
concentration,, the lower the wear; i.e., higher wear resistance. The 
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Figur ee 6.8 The effect of maturation on occlusal contact-free wear for 
experimentall two-paste resin composites in comparison with reference (Z100) 
att 15 % slip and 15 N force (in m/200,000 cycles). Each sample wheel, which 
accommodatess three specimens of each composite material, was tested once. 
Alll means (n=3) were significantly different (p<0.05). 



experimentall  composites show a significant decrease in wear over time. 
Similarr behavior was observed for the composite Z100, and is commonly 
seenn in composites [38]. This phenomenon, which last for four months, 
hass been attributed to internal stress relief [39]; however, a continued 
conversionn of double-bonds also contributes to the increased wear 
resistancee [40]. 

Thee sudden increase of wear after one year is a phenomenon that can be 
observedd only when wear is measured with a single measurement. 
Usually,, subsequent measurements should reveal several microns less 
wearr for the same material. This effect is attributed to surface softening 
causedd by the prolonged exposure to water, and seems to be related to 
hydrolysiss and subsequent resin-filler debonding [41]. 

Thee thickness of the softened layer, however, is much less than the 
amountt of wear, which occurs clinically in the same time period. This 
meanss that the rate at which the surface softens is much less than the rate 
att which it wears off, and, therefore, it is unlikely that this softening has 
anyy clinical significance. 

Conc lus ions s 

Thiss research shows that the relative amounts of bisGMA and 
TEGDMAA in the resin affect the maximum polymerization rate and 
mechanicall  properties of experimental composites. It was found that, in 
general,, bisGMA controls the reactivity of the polymerization reaction, 
whereass TEGDMA controls the mobility of the reacting dimethacrylate 
systemm and the composite shrinkage. Composites with 50 wt% TEGDMA 
inn resin displayed the highest polymerization rate and the highest 
viscoelasticc parameter development during setting. Although large 
amountss of TEGDMA in the resin resulted in a higher number of 
convertedd double bonds, it also increased wear and reduced tensile 
strength.. Substituting bisGMA for TEGDMA prolonged the predominant 
-- pre-gel - viscous flow property of composites to only a moderate 
degree.. At a high TEGDMA/bisGMA ratio, the relatively high post-
gell  shrinkage is the decisive factor in shrinkage stress development. The 
Maxwelll  model is able to predict the viscoelastic behavior of two-paste 
bisGMA-TEGDMAA composites up to 15-20 minutes into the setting 
process. . 
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7 7 
MODELINGG OF THE VISCOELASTIC BEHAVIOR OF DENTAL 
LIGHT-ACTIVATEDD RESIN COMPOSITES DURING SETTING 

Basedd on the article: 
Dauvillierr BS, Aarnts MP, Feilzer AJ (2002): Modeling of the viscoelastic 

behaviorr of dental light-activated resin composites during curing, Dent Mater 
(accepted). . 

Abstract t 

Thee aim of this study is to investigate three mechanical models to describe 
thee viscoelastic behavior of a commercially available light-activated restorative 
compositee during setting. Stress-strain data on Z100 were recorded by a 
dynamicc test method performed on a universal testing machine. The models 
weree tested by matching the model response to experimental data and the 
materiall parameters Young's modulus (E) and viscosity (r|) associated with the 
modell were calculated. The universal testing machine generated reliable 
stress-strainn data on the fast setting, light activated resin composite. The high 
polymerizationn rate of Z100 had a negative effect on the viscous flow capability 
off the material. Only a minor proportion of composite shrinkage failed to 
contributee to stress development in the composite. A predictive model of the 
viscoelasticc behavior of Z100 during setting was carried out, using the Maxwell 
modell for the initial 3 minutes in the setting process and the Kelvin model for the 
remainderr of the process. 



Introduct ion n 

Shrinkagee stresses generated in dental resin composites during 
settingg are among the major problems in adhesive dentistry, because 
theyy interfere with the integrity of the restored tooth. For dental 
restorativee applications, light-activated resin composites have replaced 
chemicallyy activated resin composites, mainly because of their rapid 
polymerizationn reaction and the greater freedom in timing the initiation 
off polymerization. This "cure on command" allows the dentist to place 
andd contour the restorative material with ease. However, it has been 
demonstratedd that under similar test conditions, light-activated resin 
compositess generate higher polymerization shrinkage stress than the 
analogouss chemically activated composites [1]. This striking difference 
inn shrinkage stress development is caused not only by the difference in 
shrinkagee development, but also by the mechanical behavior of the 
settingg composite, which is by nature viscoelastic [2]. 

Inn recent years, considerable attention has been given to the use of 
mechanicall models to describe the viscoelastic behavior of dental 
restorativee composites during setting [3-5]. In these studies, several 
linearr viscoelastic models were investigated by applying a modeling 
proceduree to experimental stress-strain data. In addition, the material 
parameterss associated with the model were calculated. The results of 
thesee studies contribute to a better understanding of the shrinkage 
stresss problems associated with adhesive composite restoration. 
Moreover,, recent initial modeling studies have shown that both the 
shrinkagee strain, which is associated with the polymerization reaction 
andd is affected by temperature, and the stress field as well, can vary 
greatlyy within the restoration preparation [6-7]. Hence, by combining the 
resultss from temporal shrinkage strain and mechanical models, the 
stresss field in and around the restoration can be analyzed using Finite 
Elementt Analysis (FEA) methods. 

Alll these studies have in common that they have been focused on the 
viscoelasticc behavior of chemically activated resin composites. Through 
introducingg adjustments to the specimen mounting device in a 
specializedd universal testing machine, it is possible to monitor the 
mechanicall behavior of light-activated resin composites during setting 
[8].. Stress-strain data recorded with a dynamic test method were used to 
performm a modeling study of the viscoelastic behavior of this type of 
dentall composites. 
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Thee aim of this study was to identify a mechanical model for the 
viscoelasticc behavior of light-activated resin composites during setting. 
Experimentall stress-strain data were generated with a dynamic test 
methodd in which a vertical oscillatory strain was applied to a 
commerciallyy available light-activated resin composite. Three linear 
viscoelasticc models (Kelvin, Maxwell, and Standard Linear Solid) were 
investigatedd by a validated modeling procedure [5]. On the basis of 
thee modeling and evaluation of results, a suitable model was chosen for 
light-activatedd resin composites. 

Materialss and methods 

Dentall resin composite 

Thee material utilized in this investigation was a commercially 
availablee light-activated resin composite (Z100 MP A3, LOT: 19981009, 
3M).. According to the manufacturer's instructions, the resin composite 
wass light cured for 40 s (Elipar Highlight, standard mode, ESPE). The 
lightt intensity at the light exit tip was 600 mW/cm2 (radiometer, model 
100,, Demetron). 

Dynamicc test method 

Stress-strainn data on the light-activated resin composite during 
settingg were obtained with a dynamic test method performed on a 
home-buildd automated universal testing machine (ACTAIntense, ACTA). 
Thee composite was bonded between a steel disk, which was connected to 
thee cross head with the load cell (1 kN), and a rectangular glass plate 
(floatt glass, 50 x 50 x 4 mm, Bakker), which was connected to the 
stationaryy part of the framework (Fig. 7.1). To ensure the cylindrical 
shapee of the specimen, the composite was inserted into a lightly greased 
Teflonn mold (d= 3.1 mm, L= 1.6 mm), creating a C-factor for the specimen 
off 1.0 (d/2L). The steel disk was moved down until it reached the pre-
adjustedd specimen height. Optimal bonding between the resin composite 
andd the steel disk was achieved by coating the sandblasted surface 
(Korox®® 50 fim, 2 minutes/5 bar pressure, Bego) of the disk with silane 
(Silicoater,, 5 minutes, Kulzer). For the same reason, the glass surface was 
lightlyy sandblasted (Korox® 50 ^m, 10 seconds/5 bar pressure, Bego), 
primedd (RelyX ceramic primer, 3M), and finally coated with a 
pressurizedd air-spread adhesive layer (Scotchbond Multi-purpose, 3M). 
Thee submicron-thick adhesive layer was light-cured for 40 seconds 
(Eliparr Highlight, standard mode, ESPE). 
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Figur ee 7.1 Experimental setup for light-activated resin composites in dynamic 
testt method, (left ) An oscillatory axial strain with amplitude 1 urn 
andd frequency of 1.0 and 0.1 Hz was successively applied to the setting 
compositee around its original height (strain=0 %) in experiment, (right ) In the 
stresss response the sinusoidal stress is superimposed on the shrinkage stress. 

Inn the dynamic test method, the upper steel disk performed an oscillating 
verticall sinusoidal deformation on the setting resin composite around its 
originall height (1.6 mm). The test method was programmed to perform 
twoo frequencies with amplitude of 1 ^m (0.0625 % strain). First, 
aa frequency of 1.0 Hz was applied for 50 seconds to the fast setting 
composite,, followed by a frequency of 0.1 Hz until termination of the 
measurementt (1 hour). The oscillatory deformation was measured with 
twoo displacement probes (Solartron LVDT type AX /1 / S, Dimed) at the 
levell of the specimen. The light irradiation process was measured with 
aa custom-made light sensor device. The distance between the light exit 
tipp was equal to the thickness of the glass plate (Fig. 7.1), which was 4 
mm.. During the measurement, the data (time, load, and displacement 
signal)) were collected simultaneously by a data acquisition console at a 
ratee of 100 points (1.0 Hz period) and 18 points (0.1 Hz period) per 
secondd respectively. The measurements were started 5 s prior to the 
lightt irradiation process and were repeated three times at room 
temperaturee 1 °C). One hour after the start of the experiment, the 
specimenn was subjected to tensile loading with a cross head speed of 60 
^m/minn until fracture. To verify the polymerization efficiency of the 
resinn composite, the cylindrical specimen was fractured and exposed to 
Astraa blue dye test according to the procedure described by De Gee et al. 
[9]. . 

Volumetricc shrinkage measurement 

Duringg the dynamic test measurement, the axial shrinkage strain of 
thee specimen was not measured, because the oscillatory deformation was 
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performedd around the original height of the specimen. However , the 
d isp lacementt caused by axial shr inkage mus t be taken into account 
whenn modeling the stress data recorded by the dynamic test method. For 
thiss reason, volumetric shrinkage measurements (n=3) were performed 
byy a mercury dilatometer at 1 °C, using the procedure described by 
DeGeeetal.DeGeeetal. [10]. 

Stress-strainn data analysis 

Thee data obtained from the dynamic test measurement consisted of an 
arrayy of load and displacement values for many points in t ime. The 
sinusoidall strain (esine)

 an<3 normal stress (oexp) were calculated using the 
followingg equations: 

AL L 
£ S i n e = —— ( 7 . 1 ) 

F F 
<77 =— (7.2) 

expp A 

inn which AL is the displacement value measured by the probes (m), LQ 
thee or ig inal spec imen he ight (m), A the cross-sect ional area of the 
specimenn (m2), and F the recorded load response of the specimen (N). In 
addi t ionn to the appl ied s inusoidal strain, the strain caused by axial 
shrinkagee must be taken into account when modeling the stress data as 
recordedd with the dynamic test. The axial shrinkage strain development 
off the resin composite (C-factor=1.0) was calculated by mult iplying the 
meann volumetric shrinkage strain by a factor of 0.45 (Table 3.1). After 
splinee interpolat ion of the axial shr inkage strain (^shrinkage) fit [HL t n e 

obtainedd axial shrinkage strain data were added to the oscillatory strain 
(Eq.. 7.1) data for all the points in time of the dynamic test measurement, 
whichh resulted in the desired strain (etot) f ° r the model ing procedure : 

^tott — ^sine "*" ^shrinkage \'-^) 

Mechan ica ll mode l s 

Thee mater ia l p rope r t i e s of the compos i te are cons ide red to be 
isotropic.. To meet the assumption of isotropic shrinkage, the specimen's 
heightt was made as long as possible without exceeding the depth of cure 
(22 mm) [12]. The mechanical behavior of the resin composite dur ing 



settingg was considered linear viscoelastic [13], because the strain applied 
too the specimen was within the limit of linear viscosity of polymer-
basedd materials (<0.5 %). The mechanical models were investigated in 
onee dimension only, because the stress-strain data were monitored in one 
direction.. The models must be kept simple, because by using uni-axial 
data,, only a restricted number of material parameters can be fitted in a 
uniquee way. As a consequence, the validity of the qualitative and 
quantitativee viscoelastic behavior studied is confined to the stress and 
strainn range and the strain rate range covered by the experiment. In 
thiss study, the Maxwell, Kelvin, and Standard Linear Solid model were 
investigated.. The models are described in detail in chapter 4 of this 
thesis. . 

Parameterr identification 

AA validated parameter identification procedure was developed, 
whichh is capable of calculating model material parameters - Young's 
moduluss (E) and viscosity (n) - from experimental stress-strain data. The 
proceduree is described in detail in chapter 4, and only a brief description 
off its application in this study will be given. The procedure was 
performedd on sinusoidal stress cycles isolated from the stress data 
recordedd by the dynamic test method. The time span [1 or 10 s] of the 
isolatedd interval was kept small with respect to the rate of 
polymerizationn reaction. As a result, the mechanical behavior of the 
compositee can be assumed to be constant during the isolated interval, 
whichh justifies the use of simple differential equations for the mechanical 
models.. These equations were solved analytically (appendix A), allowing 
thee stress to be expressed as a function of strain and unknown material 
parameters,, with the known functional form of the strain: 

£(t)=e(t£(t)=e(t00)) + At + Bs'm(cot) (7.4) 

inn which e(t0) is the strain at begin interval, t is time in isolated interval 
[0-11 or 0-10 s], A is the slope of the shrinkage strain (s"1), B the amplitude, 
andd (0 the angular frequency (rad.s"1) of the oscillatory strain. The 
shrinkagee strain in the isolated time interval was assumed to be linear in 
time.. Except for the Kelvin model, the initial condition (e>(to)) for the 
stresss equation of the model was taken from the shrinkage stress data, 
therebyy avoiding the extensive computation involved in evaluating the 
initiall stress mathematically. By means of the initial parameter values, 
aa least square method was performed at equidistantly spaced k points in 
timee of the isolated interval, to assess how well the model stress (crmodei) 
approximatess the experimental stress of the interval (aexp): 
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<5=i^(<7mode1(0-<W',))22 (7-5) 
i = l l 

Thee search for the final material parameter values was carried out by 
minimizingg the residual (8) with an optimization routine based on the 
Levenberg-Marquardtt method [14]. The modeling procedure provides (i) 
thee parameters, (ii) the error estimates on the parameters, and (iii) the 
residuall (8), a quantitative measure of the difference between 
experimentall and model stress. The algorithms for the modeling 
proceduree were implemented in MATLAB (version 5.3, Mathworks) on 
aa desktop computer (Windows® 98 platform). 

Evaluationn of the viscoelastic model 

Too evaluate the appropriateness of the three mechanical models 
underr shrinkage strain conditions, the measured axial shrinkage stress 
developmentt of the light-activated resin composite was compared with 
thee model response. In chapter 4 of this thesis, a shrinkage stress 
proceduree to estimate the model response on basis of the input of the 
axiall shrinkage strain and the calculated material parameters, is 
described.. In addition, an evaluation was performed on both 
2-parametericc models: Maxwell model for the initial 3 minutes and the 
Kelvinn model for the remainder of the setting process. The shrinkage 
stresss development of Z100 in the experiment was isolated from the 
recordedd stress data (Eq. 7.2), using the standard Fast Fourier Transform 
(FFT)) smoothing filter in Origin (version 5.0, Microcal). The best result 
wass obtained by taking 200 points for smoothing. 

Resultss and d i scuss ion 

Stress-strainn data 

Figuree 7.2 shows the applied strain and stress response of Z100 
duringg the initial 75 seconds of the setting process at room temperature. 
Thee positive strain of the sinusoidal cycles represents the cross head 
displacementt away from the specimen, while the negative strain 
representss the cross head displacement towards the specimen. As the 
oscillatoryy strain was performed around the original specimen height, 
thee stress response on the oscillatory strain was superimposed on the 
continuouss shrinkage stress development of the specimen. 
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Figur ee 7.2 (a) Strain and (b) stress data of Z100 with C-factor=1.0 collected with 
thee dynamic test method. For clarity, only the initial 75 seconds of the setting 
reactionn is shown. The dotted lines represent the initiation and termination of the 
irradiationn process of the light unit. 

Theree was no premature debonding from either the glass plate or the 
steell disk, because subsequent to tensile loading the fracture always 
occurredd in the glass plate, at a stress level 1.5 times the maximum 
stresss (18 MPa) measured in the test method. The choice of the light 
source,, the duration of light irradiation process, and the distance 
betweenn the light exit tip to the specimen was found to be adequate for 
thee complete polymerization of Z100, because the Astra blue dye tests on 
thee specimens revealed no visible staining inside the semi-cylindrical 
surfacee of the resin composite. 

Thee mean axial shrinkage strain, as calculated from the volumetric 
measurements,, is shown in Figure 7.3a. The shrinkage rate curve shown 
inn Figure 7.3c is a good estimate for the polymerization rate of Z100, 
becausee shrinkage is associated with polymerization of the monomers. 
Figuree 7.3b shows the shrinkage stress obtained after smoothing the 
recordedd stress data (Fig. 7.2b). 

Ann interesting feature of Z100 is that in the initial 2 seconds of the 
settingg process, the material undergoes 15 % of the measured axial 
shrinkagee strain without generating shrinkage stress. The relationship 
betweenn shrinkage stress and shrinkage strain displayed by this dental 
compositee contrasts with that of a chemically activated composite where, 
underr closely similar experimental conditions and up to 4 minutes after 
thee start of polymerization, a large proportion of composite shrinkage (50 
%% or more) failed to contribute to stress development in the material [4]. 
Althoughh the chemical composition of these commercially available 
resinn composites differs, it may be concluded that, in general, an increase 
inn the polymerization rate of resin composites has a negative effect on the 
viscouss flow capability of the material. 
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Figur ee 7.3 (a) Mean axial shrinkage strain and (c) its derivate with t ime for Z100 
att C - f ac to r=1 .0 . (b) S h r i n k a g e s t ress cu rve of Z 1 0 0 a f ter s m o o t h i n g the 
exper imenta ll s t ress data (F ig . 7.2b) with a Fast Fourier T rans fo rm. The stra in 
dataa used for the parameter ident i f icat ion procedure cons is ted of osc i l la tory 
strainn (Fig. 7.2a) super imposed on the axial shr inkage strain curve (Fig. 7.3a). 
Thee dot ted l ines represent the in i t ia t ion and te rm ina t ion of the i r rad ia t ion 
processs of the l ight unit. 

Parameterr identification 

Tablee 7.1 and Figure 7.4 show the calculated material parameter 
valuess for the three models for several stress intervals of one experiment. 
Thee viscosity (n) values of all models, as calculated by analyzing the 
stresss cycles by the identification procedure, were all positive and 
developedd according to the spring-dashpot arrangement in the model 
withh setting time. The Young's modulus (E) values were also positive 
andd increased monotonically with the setting time. 

Thee Young's modulus of Z100 after one hour setting (approximately 6.5 
GPa)) is not in agreement with the value of 13 GPa provided by the 
manufacturer.. It is known that factors such as the choice of mechanical 
model,, test methods (bending, shear, compression, tension), conditions 
off the test method (strain rate, setting time, temperature), and light 



Tabl ee 7.1 Material parameters for several cycles during one measurement of 
Z1000 during setting with standard deviation in parenthesis. Material parameters: 
E(X)=Youngg s modulus, -rpviscosity, and 8=quantitative measure of the difference 
betweenn experimental and model stress. 

Time e 

(s) ) 

4.6 6 

10.6 6 

20.6 6 

40.6 6 

302 2 

1202 2 

3352 2 

Kelvinn model 

EE (GPa) 

0.24 4 
(0.03) ) 

1.96 6 
(0.02) ) 

3.55 5 
(0.01) ) 

4.70 0 
(0.05) ) 

5.45 5 
(0.01) ) 

6.32 2 
(0.05) ) 

6.57 7 
(0.01) ) 

tll (GPa.s) 

0.02 2 
(<0.01) ) 

0.07 7 
(<0.01) ) 

0.11 1 
(<0.01) ) 

0.11 1 
(<0.01) ) 

0.75 5 
(<0.01) ) 

0.60 0 
(<0.01) ) 

0.56 6 
(<0.01) ) 

5 5 

0.746 6 

0.387 7 

0.173 3 

2.87 7 

0.374 4 

0.770 0 

0.496 6 

Maxwelll model 

EE (GPa) TI (GPa.s) 

0.32 2 
(0.02) ) 

1.94 4 
(0.06) ) 

3.50 0 
(0.09) ) 

4.55 4.55 
(0.09) ) 

5.36 6 
(0.04) ) 

6.02 2 
(0.05) ) 

6.48 8 
(0.04) ) 

0.57 7 
(<0.01) ) 

29.9 9 
(<0.01) ) 

124 4 
(<0.01) ) 

77.2 2 
(<0.01) ) 

3447 7 
(<0.01) ) 

2569 9 
(<0.01) ) 

5807 7 
(<0.01) ) 

8 8 

0.318 8 

3.43 3 

7.37 7 

6.54 4 

5.33 3 

5.27 7 

4.60 0 

Standardd Linear Solid model 

E^GPa) ) 

0.39 9 
(0.05) ) 

2.28 8 
(0.05) ) 

3.38 8 
(0.44) ) 

4.76 6 
(5.23) ) 

1.59 9 
(1.91) ) 

1.40 0 
(2.20) ) 

1.33 3 
(3.99) ) 

T|| (GPa.s) 

0.10 0 
(<0.01) ) 

0.22 2 
(<0.01) ) 

2.01 1 
(<0.01) ) 

4.92 2 
(<0.01) ) 

7.73 3 
(<0.01) ) 

6.90 0 
(<0.01) ) 

7.51 1 
(<0.01) ) 

E22 (GPa) 8 

<0.01 1 
(<0.01) ) 

1.85 5 
(0.11) ) 

1.33 3 
(0.59) ) 

<0.01 1 
(5.39) ) 

4.01 1 
(2.15) ) 

4.91 1 
(2.46) ) 

5.34 4 
(4.34) ) 

0.285 5 

0.163 3 

0.152 2 

1.423 3 

0.312 2 

0.327 7 

0.483 3 

irradiationn procedure (light intensity, duration time) have a considerable 
effectt on the ul t imate Young's modu lus value of the composites. The 
Young 'ss modu lu s of viscoelastic mater ials generally decreases with a 
decreasingg strain rate [15], as evident in the strain rate transition from 1.0 
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Figur ee 7.4 Parameter values of the 
(a)) Maxwell model, (b) Kelvin model, 
andd (c) Standard Linear Solid model 
ass a function of setting time for Z100 
off one measurement. Error bars 
indicatee the relative standard error in 
thee calculated parameter value. 
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Figur ee 7.5 Modeling results for two stress cycles of Z100 during setting at (a) 
time=4.588 s and (b) time=10.59 s for the (top ) Maxwell model, (middle ) Kelvin 
model,, and (bottom ) Standard Linear Solid model. 

Hzz to 0.1 Hz (Fig. 7.4). For a valid comparison between Young's modulus 
values,, the variables described above must be the same. Any difference 
betweenn these variables will make comparisons between Young's moduli 
impossible. . 

Thee graphic results of the parameter identification procedure on two 
stresss intervals isolated from one dynamic test experiment are shown in 
Figuree 7.5. The cont inuous black line represents the measured stress, 
whilee the dots represents the values computed by the model , using the 
materiall parameter values as calculated by the model ing p rocedure 
(Tablee 7.1). 

Alll models failed to predict the experimental stress in the early stage of 
settingg (4.58 s). The lack of modeling capability is not caused by the low 
Signal-to-Noisee Ratio (SNR=2.40) of the exper imental stress data. A 
previouss s tudy showed that when the viscoelastic behavior of the resin 
compositee was exactly the same as that of a model, then it was possible 
too model very precise exper imenta l s t ress data wi th pract ical SNR 



valuess as low as 2.20 [5]. All models failed to predict the stress a few 
secondss after the initiation of polymerization, because the material 
parameterss were kept constant over the time interval, whereas in reality 
thee material stiffness increases noticeably, as indicated by the 
asymmetricall sinusoid around the shrinkage stress line (Fig. 7.5a). 
Betterr modeling results should be obtained by isolating smaller time 
intervalss in the stress data, i.e., 0.50 s or less, or by using differential 
equationss for the model in which material parameters vary in time. For 
furtherr studies, the former is recommended, since solving partial 
differentiall equations involves intensive computation work. 

Modell evaluation 

Thee Maxwell stress curve at setting time 10.59 s is a poor 
approximationn of the stress response of the dental composite. This is 
clearr not only from the graphical fit, but also in the 8 parameter (Table 
7.1)) - the quantitative measure of the difference between experimental 
andd model stress - which is the highest value of all models. The phase lag 
betweenn the model stress curve and the experimental stress curve 
indicatess that the model predicts more viscous flow than the material 
actuallyy undergoes. As a result, the Maxwell model predicts for the 
firstt 3 minutes of setting a lower shrinkage stress development than 
Z1000 actually undergoes. (Fig. 7.6a). 

Figur ee 7.6 Axial shrinkage stress development (— measured • Kelvin model 
AA Maxwell model • Standard Linear Solid model • Maxwell & Kelvin) during (A) 
thee initial 10 minutes and (B) one hour setting of Z100. Error bars indicate the 
relativee standard error in the calculated mean (n=3). 

Thiss result is essentially different from chemically activated resin 
composites,, where the Maxwell model predicts the shrinkage stress 
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betterr and for a longer period in setting time (up to 11 minutes) [5]. 
Obviously,, high polymerization rates reduce the ability of the composite to 
floww permanently. This may explain why light-activated resin composites 
generatee higher polymerization shrinkage stresses than analogous 
chemicallyy activated composites [1], because composite shrinkage is 
lesss compensated by permanent viscous flow from the unbonded, outer 
surfacee of the material. In the remainder of the setting process, the 
Maxwelll model predicts too much stress relief, which is obviously not 
thee case for Z100 in the experimental situation (Fig. 7.6b). 

Thee better modeling results achieved with the Kelvin and Standard 
Linearr Solid model confirms that the behavior of light-activated resin 
compositess is more viscoelastic solid-like (reversible flow) than 
viscoelasticc liquid-like (permanent flow). The slightly better 
approximationn by the Standard Linear Solid model, where the 
developmentt of E2 indicates reversible flow behavior, can be explained 
byy the extra parameter it contains in comparison with the Kelvin model. 
AA closer look at the sinusoid curve at 10.59 s reveals that the Kelvin 
modell responds somewhat more stiffly in the first section and slightly 
softerr in the second section of the curve than Z100 in the measurement. 
Ass stated for the Maxwell model, this can be explained by the fact that 
thee material parameters were kept constant in time, whereas in reality 
thee material increases in stiffness over time. Up to 25 seconds into the 
lightt irradiation procedure, the response of the Kelvin model closely 
resembless the shrinkage stress response of Z100 in the measurement (Fig. 
7.6a).. After 25 seconds, the model generates higher shrinkage stresses, 
leadingg ultimately to a shrinkage stress level that is a factor of two 
higherr than measured for Z100 during the experiment (Fig. 7.6b). 

Theree may be two explanations, one or both of which may be responsible 
forr the failure of the Kelvin model in the remainder of the setting 
process.. First, the flow behavior of light-activated resin composite could 
bee non-Newtonian; i.e., the viscosity is not constant, but depends on the 
strainn rate. For this reason, the viscosity values of the Kelvin model 
mayy not be valid in this part of the setting process, where the shrinkage 
ratee is close to zero (Fig. 7.3c), since the parameter values were calculated 
fromm experimental stress that depended exclusively on the oscillatory 
strain.. Secondly, the failure of the Kelvin model can perhaps be 
accountedd for by the fact that the material undergoes two deformation 
processes,, namely reversible, by viscous flow as predicted by the model, 
andd permanent, by imperfections in the materials, such as voids, crazes, 
andd microcracks [16, 17]. These imperfections are usually generated 
whenn local stress spots in the material exceed inter-atomic bond strength 
withinn the polymer and/or polymer-filler interface and are likely to 



bee present in light-activated resin composite, where high shrinkage 
stresss developed during setting (Fig. 7.6b). It is difficult to develop a 
modell that is capable of taking into account these two processes, which 
occurr simultaneously but are different in origin. 

Theoretically,, the Standard Linear Solid model is able to describe both 
thee viscoelastic liquid (E2=0) and the viscoelastic solid behavior of resin 
compositess during setting. On a practical level, the evaluation results of 
thee model reveal that the viscoelastic behavior of Z100, as excited by the 
conditionss of the dynamic test method, cannot be adequately predicted 
byy this model. It was shown in chapter 4 that a shrinkage strain rate 
contributionn in the total strain is neccesarily for proper identification of 
thee three parameters of the Standard Linear Solid model. Validation 
off artificial strain data revealed that the parameter identification 
proceduree was not able to calculate the parameters of this 3-parametric 
modell exactly when the shrinkage strain rate dropped below 0.0003 %/s 
(Fig.. 4.7). The experimental data of Z100 in Figure 7.3c and Figure 7.4c 
confirmm the relationship between the value of the standard error in E1 

andd E2 and the shrinkage rate profile. As the shrinkage rate rapidly 
declines,, and the contribution of shrinkage strain to the applied strain 
deterioratess within 20 seconds after start light irridation, the stress 
responsee becomes more exclusively dynamical, i.e., more dependent 
onn the sinusoidal strain of one frequency alone. In this situation, the 
valuess of El and E2 associated with the Standard Linear Solid model 
cannott be distinguished from one another, as evidenced by the high 
errorr value, because with this type of stress response no more than two 
independentt parameters can be determined. To obtain reliable Ei and E2 

valuess in the remainder of the setting process, the stress to be modeled 
mustt be generated by a multi-wave strain, which entails sophisticated 
dynamicc test conditions. This approach requires modifications in the 
applicationn software, which, however, has not been established. 

Conc lus ions s 

Thee automated universal testing machine developed for the dynamic 
testingg of dental restorative material proved capable of generating 
stress-strainn data on fast setting light-activated resin composites. An 
increasee in the polymerization rate has a negative effect on the viscous 
flowflow capability of dental resin composites. The experimental conditions 
weree insufficient to model both the viscoelastic liquid and viscoealstic 
solidd behavior of Z100 during setting with the Standard Linear Solid 
model.. Adequate predictive modeling of Z100 can be carried out by 
usingg the Maxwell model for the initial 3 minutes of the setting process 
andd the Kelvin model for the remainder of the setting process. 
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8 8 
LOWW SHRINKAGE COMPOSITE. PART I: MODELING OF 

VISCOELASTICC BEHAVIOR DURING SETTING 

Abstract t 

Muchh attention has been directed toward developing dental restorative 
compositess that generate less shrinkage stress during setting. The aim of this 
studyy was to explore the viscoelastic behavior of a new class of low-shrinkage 
dentall restorative composites during sett ing. The setting behavior of an 
experimentall oxirane composite was investigated by analyzing stress-strain data 
byy means of 2-parametric mechanical models. The experimental data were 
obtainedd using a dynamic test method, in which the setting light-activated 
compositee was continously subjected to sinusoidal strain cycles. The material 
parameterss and the model's predictive capacity were analyzed by means of 
validatedd modeling procedures. 

Thee light-activated oxirane composite exhibited shrinkage delay and lower 
polymerizationn shrinkage strain and stresses than conventional light-activated 
composites.. Due to noise in the stress data, the predictive ability of the Maxwell 
modell was restricted to the elastic modulus development of the composite. The 
shrinkagee stress development makes this composite a candidate for use in 
restorativee dentistry. In determining their potential as restorative material 
evaluationn tests will be necessary to establish whether the mechanical properties 
off oxirane composites are acceptable for dental use. 
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BisGMAA is often employed as the principal monomer in present day 
commerciall dental restorative composites [1]. From the development of 
thesee dental monomers by Bowen [2] in 1962, polymerization shrinkage 
(7-144 vol%) of this conventional monomer system is still of great concern 
[3].. Composite shrinkage, in combination with an increasing stiffness, 
inevitablyy leads to mechanical stresses, which ultimately can cause 
enamell fractures, microleakage, and degradation of the restoration [4-7]. 
Thee advent of low-shrinking monomers with good mechanical strength 
wouldd improve longevity of composite restorations, as they would 
lessenn the demands on dentin-bonding agents and lead to reduced 
marginall leakage. 
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Figur ee 8.1 (a) Schematic representations of the polymerization of several 
monomers.. Methacrylates are commonly used in dentistry, whereas the other 
monomerss are under development, (b) Several oxiranes (cyclic three-membered 
ether)) monomers [8]. 

Inn the past, many efforts have been made to develop new resin systems 
withh reduced shrinkage. One approach focuses on preparing a new 
familyy of (multi)-methacrylates, which have higher molecular weights 
thann the bisGMA based systems [9]. Another approach focuses on the 
synthesiss of nonshrinking or expanding monomers. For this goal, one 
classs of new monomers, termed oxybismethacrylates, was developed. 
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Dependingg on polymerization condition, oxybismethacrylates exhibit 
cyclopolymerizationn (Fig. 8.1). In this polymerization process, cyclic 
structuress are introduced into the polymer backbone [10]. Stansbury 
reportedd a 30 to 40 % reduction in shrinkage upon the use of oxybis
methacrylatess compared with dimethacrylates commonly used in 
dentistryy [11, 12]. 

SS Simultaneously, an another class of new monomers, termed ring opening 
<•>> monomers, was developed. Bailey reported a variety of bicyclic 
O)) monomers that can undergo double ring opening with either no change 

inn volume, or an actual expansion [13]. The class of bicyclic monomers 
studiedd most extensively is the alicyclic spiro orthocarbonates (SOCs). 

"jj An alicyclic SOC consists of four rings, two on each side of the spiro 
oo carbon (Fig. 8.1). The expansion of the SOC on polymerization is 
O)) attributed to a double-ring opening of this spiro molecule; that is, two 
** bonds are cleaved for each new bond formed. Stansbury and Bailey 
"§§ studied free radical polymerization of SOCs with vinyl functionality [14]. 
§§ Although this monomer showed some reduction in polymerization 
•^^ shrinkage when compared with conventional dimethacrylate resins, 
Iss their shrinkage was still substantial, because the shrinkage of vinyl 

polymerizationn was more than the expansion encountered by the SOC. 
Ann other research group has studied some SOC structures that are 
cationicallyy light-initiated [15-16]. Cationic polymerization resulted in 
nett expansion (3.5 vol%) of the resin system, due to the absence of the 
shrinkagee contribution of the vinyl functionality present in the monomer. 
Upp to this moment, the potential of these kinds of monomers as candi
datess resins for formulating dental composites has not been utilized. 

Cationicc ring opening polymerization continue to enjoy increasing 
interest.. Beside low polymerization shrinkage, the use of cationic ring 
openingg polymerizable monomers exhibit several advantages compared 
too the free radical polymerizable conventional dimethacrylate monomer 
systemm (Fig. 8.2). First, the cationic polymerization reaction is not in
hibitedd by oxygen [17]. Furthermore, very high degree of monomer 
conversionn can be achieved, because the protons (H+) are highly mobile 
comparedd to radicals. At this moment, the only drawback of the cationic 
polymerizationn reaction is that it is inhibited by basic materials and 
highh humidity. 

Recently,, an experimental restorative composite based upon oxiranes has 
beenn developed [8]. The oxiranes are cyclic three-membered ether 
monomerss that undergo cationic polymerization (Fig. 8.2). The initiation 
systemm was chosen so, that this condensable composite can be poly
merizedd with conventional quartz tungsten halogen light source [18]. 
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Withh special attention in the handling of this experimental composite, the 
inibitionn of basic materials and high humidity can be avoided. 

Thee aim of this study was to explore the viscoelastic behavior of this 
oxiranee composite during setting. For this goal, dynamical stress-strain 
dataa on the setting composite were measured and analyzed with the 
Maxwelll and Kelvin model by means of a validated modeling procedure. 

Materialss and methods 

Experimentall composite 

Thee oxirane composite was prepared by 3M (Pluto, batch EXL546, exp 
01/20022 3M). The composite was stored in plastic capsules, sealed with 
aa foil pouch, at 6 °C. According to the manufacturer's instructions, the 
compositee was light cured for 60 s (Elipar Highlight, standard mode, 
ESPE)) with a light intensity of 600 mW/cm2 (radiometer, model 100, 
Demetron)) at the light exit tip (0=8.95 cm). The composite was handled 
withh a plastic spatula to avoid polymerization inhibition by the (basic) 
passivee layer (Fe(OH)2) on steel instruments [19]. 

Dynamicc test: oscillatory deformation cycles 

Too elucidate the linear viscoelastic behavior by mechanical models, 
stress-strainn data on the oxirane composite were obtained by an oscil
latoryy sinusoidal strain test on an automated testing machine 
(ACTAIntense,, ACTA). Since major features of this machine have been 
describedd in chapter 3 of this thesis, only refinements made in the 
specimenn mounting device (Fig. 8.3) will be described here. 

Thee glass plate was secured against the metal basement by two fixed 
troggless (213-U, De Sta Co, RS components) with a preset pressure of 700 
N.. The glass plate was temperature-controlled by a home-build 
temperaturee system. This system consist of 2 Peltier elements (L100, 
LC-electronics)) with fans (Pentium II, LC-electronics) mounted on the 
backsidee of the metal basement (Fig. 8.3), and a thermostat placed, via a 
thermocouple,, on top of the metal basement. The temperature of the 
specimenn was monitored continously by a thermocouple (type K (NiCr-
NiAl),, d= 0,25 mm, Thermo-electra), as close as possible to the specimen. 

Thee composite was placed on the glass plate and condensed with a 
disposablee plastic spatula, after which the cross head was lowered until 
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thee extensometer displayed the pre-adjusted distance (h=1.6 mm) 
betweenn the upper steel rod (d=3.2 mm) and lower glass plate. The 
excesss composite was then removed from the circumference of the 
cylindricall specimen. Bonding between the oxirane composite and the 
steell rod was achieved by applying the Silicoater procedure (5 minutes, 
Kulzer)) to the sandblasted surface of the steel rod (Korox® 50 }im, 2 
min/55 bar pressure, Bego). After that, an oxirane based adhesive resin 
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Figuree 8.3 (top) Specimen mounting device and (bottom) dynamic test protocol 
forr the oxirane composite. ® Oscillatory deformation with amplitude 1 
urnn and frequency=0.1 Hz © constant original specimen height (deformation=0 
urn)) ® unload shrinkage load on specimen in prescribed time period of 200 
secondss © constant load signal (0 N) © tensile loading (120 um/min) until 
fracture. . 
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(experimentall adhesive EXL520, 3M) was brushed on the silanized 
surfacee to realize good bonding to Pluto. The adhesive was light-cured 
forr 60 s (Elipar Highlight, standard mode, ESPE). For the same reason, 
thee glass surface was lightly sandblasted (Korox® 50 }im, 10 s/5 bar 
pressure,, Bego), primed (RelyX ceramic primer, 3M), and finally coated 
withh a light-cured adhesive layer (experimental adhesive EXL520, 3M) 
[20]. . 

Inn the dynamic test method, the steel rod performed an oscillating 
verticall sinusoidal deformation on the setting composite around its 
originall height. The test method was programmed with the following 
protocoll (Fig. 8.3). First, an oscillatory deformation was applied for 
approximatelyy 100 minutes to the setting composite, followed by a time 
periodd of 300 seconds, wherein the original height of the specimen was 
keptt constant. After the cross head moved towards the composite in a 
prescribedd time period of 200 seconds to relief the shrinkage load, the 
loadd signal was maintained zero for 300 seconds. Two hours after the 
startt of the experiment, the oxirane composite was subjected to tensile 
loadingg until fracture. The measurements on the oxirane composite 
(n=3)) were performed at C-factor 1.0 (h=1.6 mm) and 3.85 (h=0.65) at 
roomm temperature 3 °C). 

Unload d Restoree original height 

4450 0 4550 0 
Timee (s) 

Figur ee 8.4 Dynamic test protocol for measuring elastic shrinkage strain of 
oxiranee composite. 



Dynamicc test: pulse load cycles 

</> > 

Too reveal the elastic shrinkage strain development of the oxirane 
compositee during setting, a second dynamic test was performed. In 
thiss test, the cross head kept the original height of the composite constant 
duringg setting. Periodically, the cross head cycled down and up to 

^^ unload the composite and restore original composite height 
EE respectively (Fig. 8.4). 
o o 
o>> The period of the cycle action was approximately 20 s, whereas the 
-** period between cycling was 300 s. The measurement was performed 
^^ once at two configurations of the oxirane composite (C=1.0 and C=3.85) 
|22 at room temperature. All dynamical tests were performed with ACTA 
oo application software (version 3.14) 

.c c 

•§§ Shrinkage measurement 
o o 

"̂ ^ During the dynamic test, the axial shrinkage strain of the specimen 
«55 was not measured, because the steel rod performed oscillating 

deformationn cycles around the original height of the specimen. The 
axiall shrinkage strain of the specimen under bonded conditions is of 
interest,, because calculating the material parameters from the measured 
stresss data, the strain caused by axial shrinkage must be taken into 
account.. Since the test system is not capable in determining the axial 
shrinkagee of composites accurately [21], the bonded axial shrinkage 
strainn (eaxiai) for the oxirane composite at the chosen configuration was 
derivedd from the volumetric shrinkage strain (evoi) by the conversion 
factorss in Table 3.1. In this approach, we assumed that the shrinkage 
behaviorr of the bonded oxirane composite was similar to conventional 
resinn composites, as measured by Feilzer et al. [22]. The (free) volumetric 
shrinkagee measurements (n=3) were performed with a mercury dilatometer 
att 1 °C, using the procedure described by De Gee et al. [23] 

CL. . 

00 0 

Lightt microscopy 

Thee fractured sufrace of the composites was examined with an 
Olympuss PM-10AK light microscope. 

Stress-strainn analysis 

Thee data obtained from the oscillatory deformation measurement 
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consistedd of an array of load and displacement values for a large number 
off points in t ime. The normal stress (a) and strain (e) were calculated 
fromm the load and d i sp lacement va lues by Equat ion (8.1) and (8.2) 
respectively: : 

<T<T = ~ (8.1) 
A A 

M) ) 

inn which A is the cross-sectional area of the cylindrical specimen (m2), F 
thee recorded load response of the specimen (N), AL is the displacement 
recordedd by the LVDT t ransducers (m), L0 the height of the specimen 
beforee sett ing (m). The shr inkage stress response was isolated from 
experimentall stress data via the s tandard Fast Fourier Transform (FFT) 
smoothingg procedure in Origin (version 5.0, microcal). 

Thee data obtained from the volume shrinkage measurement were aver
aged,, and the axial sh r inkage s t ra in deve lopmen t of the ox i rane 
compositee at C-factor 1.0 and 3.85 was calculated by mul t ip lying the 
meann volumetric shrinkage strain with the conversion factor in Table 3.1. 
Forr the identification of the material parameters , the functional expres
sionn of the obtained axial shrinkage strain curves was calculated by a 
cubicc spline fit, and was added to the oscillatory strain for all the points 
inn time of the dynamic test measurement . 

Pa rame te rr ident i f ica t ion 

Thee Maxwell and Kelvin model were investigated in one d imension 
only,, because the experimental stress-strain data were moni tored in 
onlyy one direction. The models are described in detail in chapter 4 of this 
thesis.. In the setting period of 5 to 100 minutes after light-initiation, time 
intervalss of approximately 10 seconds were isolated from the experi
mentall data, and applied to the parameter identification procedure . As 
thee shrinkage strain of the composite in the isolated interval behaves 
l inearlyy with t ime, the total s t ra in in the interval can be descr ibed 
analytically: : 

£(t)£(t) = e(t0) + At + Bsm(GX) (8.3) 

inn which e(to) is the s t ra in at beg in in te rva l , A is the s lope of the 
shrinkagee strain (1/s) , B the ampl i tude, and co the angular frequency 
( r ad / s )) of the applied oscillatory strain. 
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Sincee the functional form of the strain was known, the differential 
equationn for the Maxwell was solved analytically (appendix A), which in 
everyy case yielded the stress as a function of strain and the unknown 
materiall parameters. The initial stress (o"(t0)) was obtained from 
experimentall stress data. The parameter identification procedure is 
decribedd in detail in chapter 4 of this thesis. 

Modell evaluation 

Too evaluate the appropriateness of the two mechanical models under 
shrinkagee strain conditions, the measured axial shrinkage stress develop
mentt of the oxirane composite was compared with the model response. 
Inn chapter 4 of this thesis, a shrinkage stress procedure to estimate the 
modell response on basis of the input of the axial shrinkage strain and the 
calculatedd material parameters, is described. 

AA second evaluation procedure was performed with the Maxwell model 
only.. In this procedure, the elastic shrinkage strain (£Spring) and the 
viscouss shrinkage strain (Edashpot) development of the composite was 
calculatedd from the measured shrinkage stress data and Maxwell's 
Young'ss modulus (E) and viscosity (n) respectively (Fig. 8.5). This 
approachh is valid, as the architecture of the Maxwell model - spring 
andd dashpot working in serie - provides the following coupling 
conditionss for the stress and strain: 

Q . . 
CD D 

- C C shrinkageshrinkage spring dashpot (8.4) ) 

shrinkageshrinkage spring dashpot (8.5) ) 

(Eq.8.4)) | 

(Eq.8.5) ) 

Figuree 8.5 (left) Elastic shrinkage strain and (right) viscous shrinkage strain 
calculationn from experimental shrinkage stress data and Maxwell's parameters 
Young'ss modulus (E) and viscosity (r|), as calculated with the parameter 
identificationn procedure. 



ChapterChapter 8 PartPart  I: Modeling  low  shrinkage  composite 

Too be able to perform calculations with experimental shrinkage stress 
data,, a cubic spline fit was applied to the identified Young's modulus 
andd viscosity values. With spline interpolation, the parameter values 
weree chosen at the same points in time as in the case for the experimental 
shrinkagee stress values. The parameter identification procedure and 
evaluationn of the models were performed with the software Matlab 
(versionn 5.3, Mathworks) on a desktop computer (Windows® 98 plat
form). . 

Resultss and d i scuss ion 

Tensilee loading 

Figuress 8.7a and 8.7b show the applied strain and stress response of 
thee oxirane composite during the initial 10 minutes of the setting process 
att room temperature. None of the specimens fractured spontaneously 
priorr to tensile loading. During tensile loading, the fracture always 
occurredd cohesively, was flat shaped and perpendicular to the direction 
off loading, and was situated near the glass plate side (Fig 8.6b). The 
resultt of the stress-strain behavior of the composite during tensile 
loadingg (Fig. 8.7f) agrees with the microscopic observed fracture pattern 
off the composite. Both results indicate a brittle failure of the composite 
withoutt any significant plastic (necking) deformation. 

Figur ee 8.6 Light microscope pictures (magnification x10) of the fracture surface 
off the oxirane composite after dynamic testing at (a) steel rod side and (b) glass 
platee side. Dash lines indicate circumference of specimen. Black arrows 
indicatee empty spherical holes in the composite. Notice the flaw pattern in 
thee composite and the damage at the jacket side of the composite. 
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Thee stress-strain curves of the composite show hysteresis, which 
indicatess energy loss of the composite during cyclic deformation. This 
stilll seems to be the case for the composite at 100 minute setting, the 

2000 300 400 
Timee (s) 

2000 300 400 
Timee (s) 

5000 600 

-S-0.6 6 

1000 200 300 400 500 
Timee (s) 

0.11 0.2 0.3 0.4 
Strainn (%) 

0.55 0.6 

Figur ee 8.7 (a) Strain and (b) stress data of the oxirane composite collected with 
thee dynamic test method. For clarity, only the data for the first 10 minutes of the 
settingg reaction is shown. The thick black solid line in (b) represents shrinkage 
stress,, which was obtained by FFT smoothing of the experimental stress data, 
(c)) Axial shrinkage for the oxirane composite, as calculated from mean 
volumetricc shrinkage data. Error bars indicate the relative standard error in the 
calculatedd mean (n=3). For the parameter identification procedure, the total 
strainn curve was constructed by a linear combination of (a) and (c), resulting in 
(e).. (d) The signal of the light irradiation process is superimposed on the 
glasss temperature, measured as close as possible to the specimen, (f) Stress-
strainn behavior of the oxirane composite of the last three oscillatory cycles and 
tensilee loading. 
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pointt at which the last three cycles in Figure 8.7f were recorded. This 
energyy dissipation is due to viscoelastic behavior [21]. 

Light-activatedd dental resin composites exhibit shrinkage strain kinetics 
andd magnitudes that constitute a major challenge to polymer chemists 
andd dental scientists [24]. While the principal research target remains 
thatt of reducing the final shrinkage value, it is also a benefit to delay the 
onsett of shrinkage strain. This 'soft-start' shrinkage may be obtained by 
varyingg light intensity on the composite, either by reducing the output 
off the curing light or by increasing the distance between the light exit tip 
andd the composite [25-27], or using fixed light intensity via suitable 
changess in the formulation chemistry, as with this oxirane composite 
(Fig.. 8.8a). 

Thee delay of approximately 20 seconds in the early shrinkage strain of 
thee oxirane composite may be designated as intrinsic 'soft-start' 
phenomenon.. So far, only one commercially available light-activated 
(multi-acrylatee based) composite is known in dental literature (Solitaire) 
whichh exhibit intrinsic 'soft-start' shrinkage behavior [30]. 

Too put the shrinkage behavior in perspective to conventional dimethacry-
latee composites used in dentistry, the shrinkage development of the 
oxiranee composite in Figure 8.8a is compared with the shrinkage results 
off two commercially available resin composites measured in previous 
studiess [28, 29]. As shrinkage is associated with polymerization of the 
monomers,, the shrinkage rate curves in Figure 8.8b are good estimates for 
thee polymerization rate of the composites. Despite the shorter time of light 
irradiation,, the conventional dimethacrylate composite undergo much 
fasterr polymerization than the oxirane composite. This is in agreement 
withh literature [17]. The rapid decrease in polymerization rate indicates 
thatt the conventional composite is "freezed" during the light irradia
tionn process. Due to the rapid setting process, the termination stage 
(auto-acceleration)) and propagation stage (autodeceleration) in the free 
radicall polymerization reaction becomes diffusion controlled. The 
increasingg polymerization rate of the oxirane composite indicates that the 
weakk structure of the composite causes unobstructed propagation of the 
growingg (cationic) polymer. As a result, the shrinkage stress development 
inn the oxirane composite proceeds very slow, almost linear, with setting 
timee (Fig. 8.8c). Even after the light irradiation process, the structure of the 
oxiranee composite is still weak, as oscillatory deformation on the 
compositee did not cause any measurable deflection of the load cell 
(Fig.. 8.7b). This might suggest that the practioner can still sculpt, adapt, 
andd contour the material after light irradiation. 
Beyondd the potential benefits of the light-activated oxirane composite 
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Figur ee 8.8 (a) Volumetric shrinkage, (b) volumetric shrinkage rate, and (c) axial 
shrinkagee stress development for the oxirane composite (Pluto - C=1.0/23 

.. The results obtained by Dauvill ier ef a/. [28] for the light-activated 
compositee (Z100 - C=1.0/23 ) and by Dauvillier et al. [29] for the chemically 
activatedd composite (Clearfil F 2 - C=0.5/23 ) are also incorporated. Z100 and 
Plutoo were light activated (600 mW/cm2) for 40 and 60 seconds respectively. 
Clearfill F2 was hand-mixed (1:1 w/w). Note y-as break at (c) 0.10-0.12 MPa and 
(b)) 0.025-0.05 %/s and x-as break at (a) & (c) 200-300 s. 
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thatt it can be cure-on-command and undergoes a polymerization rate in 
thee range of chemically activated dimethacrylate composits (Fig. 8.8b), 
thee oxirane composite also undergoes approximately 45 % less shrinkage 
relativelyy to conventional resin composites after one hour setting. On 
futuree studies, it is advisable to perform water uptake experiments 
afterr setting on the oxirane composite, because water sorption might 
fustratee the high expectations of this low shrinking material. 

Parameterr identification 

Inn this study, the Maxwell and Kelvin model were investigated. The 
sloww and low shrinkage stress-strain development of the oxirane 
compositee may be good properties for the material, but it restricted 
ourr research in mechanical modeling of the early setting period heavily. 
Upp to 3 minutes setting, we were not able to calculate reliable material 
parameters,, due to the high level of noise (SNR<2) carried by the stress 
dataa [29]. 

Thee computed Kelvin and Maxwell parameters vary smoothly with 
settingg time (Table 8.1). A close look at the isolated stress curves at 609 
andd 1209 seconds setting (Fig. 8.9a) reveals that the Maxwell model 
curvee is almost an exact copy of the Kelvin model curve. An explanation 
forr this observation is that in these time intervals the composite does not 
undergoo shrinkage. As a result, the experimental stress curves in Figure 
8.9aa are generated by the applied sinusoidal strain only. 

Sincee sinusoidal stress data hide two independent variables, namely 
ann amplitude and a phase angle, both 2-parametric models describe 
thee experimental stress curves on a similar basis. As a consequence, 
thee graphical results of the parameter identification procedure (Fig. 
8.9a)) do not provide information whether the viscoelastic behavior of the 
oxiranee composite is liquid-like (Maxwell) or solid-like (Kelvin). 

Modell evaluation 

Thee evaluation procedure reveals that both the Kelvin and Maxwell 
modell failed to predict the shrinkage stress for the oxirane composite 
(Fig.. 8.9b). For both C-factors, the same two extremes were visible: the 
Kelvinn model predicted the shrinkage stresses too high, while the 
Maxwelll model did not predicted a shrinkage stress development at 
all.. The incapacity of the Maxwell model to predict the viscoelastic 
behaviorr of the oxirane composite is not in accordance with the obser-
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Tabl ee 8.1 Material parameters for several cycles during one measurement of the 
oxiranee composite (C-factor=1.0) at room temperature with standard deviation 
inn parenthesis. Material parameters: E=Young s modulus, rpviscosity, and 
5=quantitativee measure of the difference between experimental and model 
stress. . 
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Figur ee 8.9 (a) Parameter identification results of the (—) experimental stress 
intervalss of the oxirane composite (C-factor=1) at (top ) setting time=159 s, 
(middle)) setting time=609 s, and (bottom ) setting time=1209 s, computed 
withh the (A) Maxwell model and the ( • ) Kelvin model. Dashed line indicates 
shrinkagee stress, (b) Axial shrinkage stress development of the oxirane 
compositee during one hour setting: (—) experimental stress data, ( • ) Kelvin 
model,, and (A) Maxwell model. Error bars indicate the relative standard error 
inn the calculated mean (n=3). 
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vationn that more than 50 % of the shrinkage strain was measured without 
generatingg shrinkage stress in the oxirane composite. Shrinkage without 
stresss development is only feasible when the viscous flow behavior of the 
compositee predominates over the elastic behavior. The reason why the 
Maxwelll model fails to predict the viscoelastic behavior of the oxirane 
compositee will be described in the next paragraph. 

Figuree 8.10a shows the elastic shrinkage strain curve of the composite, as 
predictedd by the Young's modulus, and as measured in the second 
dynamicc test method. With exception of the initial stage of setting, 
wheree to the noise in the shrinkage stress is relatively high, the Maxwell 
modell is capable to predict the stiffness development of the oxirane 
compositee on a good basis. 

However,, this does not count for the viscous part of the model. The 
viscouss part of the axial (one dimensional) shrinkage strain, as predicted 
byy Maxwell's viscosity, is many times higher than the composite undergo 
onn a volumetric (three dimensional) basis (Fig 8.10b). It would be a 
misconceptionn to believe that the composite can undergo this high level 
off viscous flow, because under bonded conditions, the axial shrinkage 
strain,, which is built up from an elastic and a viscous part, is limited to 
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Figur ee 8.10 (a) Elastic shrinkage strain predicted by Equation (8.4) and 
measuredd with the pulse load cycles for the oxirane composite at (top ) C-
factor=1.00 and (bottom ) C-factor=3.85 at room temperature, (b) Viscous 
shrinkagee strain predicted by Equation (8.5) compared with volumetric shrinkage 
off the oxirane composite at (top ) C-factor=1.0 and (bottom ) C-factor=3.85 at 
roomm temperature. Error bars indicate the relative standard error in the 
calculatedd mean (n=3). 



aa m a x i m u m near the volumetr ic va lue [22]. Appa ren t l y , Maxwel l 
predictss the viscosity value too low; i.e., predict too much viscous flow 
capacityy for the composite under the chosen test condition. This explains 
whyy the model predicted a shrinkage stress around the zero stress level 

^^ (Fig- 8.9b). A prev ious study showed that in presence of a high level of 
•55 noise in experimental stress data influenced the viscosity identification 
§̂ ^ negatively, whi le the identified Young's modu lus value still approxi-
|| mated the exact va lue [29]. In case of viscosity identification, bet ter 
00 resul ts can be obta ined by a different s trategy: 1) measure the axial 
O)) shr inkage s train unde r bonded condit ions and 2) substract the elastic 
•gg sh r inkage s t ra in curve , as p red ic ted by Equat ion 8.4 from the data 
[̂ ^ ob ta ined wi th 1). This will reveal , direct ly, the viscous par t of the 
££ shr inkage s train curve, and indirectly, with the aid of the shr inkage 
oo stress curve, the viscosity development of the composite with setting 
O)) t ime. 

1 1 
o o 
§§ C o n c l u s i o n s 

i d d 

(55 The exper imenta l oxirane composi te displays attractive mechanical 
proper t iess for applicat ion as a restorative material . The light-activated 

•«•• oxirane composi te exhibits an intrinsic 'soft start ' , undergoes 45 % less 
•••• s h r i nkage s t r a in t han commercial ly avai lab le l igh t -ac t iva ted res in 

composi tes ,, and generates very low shrinkage stresses. Future studies 
willl be necessary to reveal its potent ia l for use in restorat ive dentistry. 
Unlikee exper imental stress-strain data observation, the Maxwell model 
cannott predict the viscoelastic behavior of the oxirane composite during 
setting.. The high level of the noise carried by the low stress signal has a 
decisivee influence on the value of the viscosity parameter associated with 
thiss model. On the other hand, the elastic part of the Maxwell model does 
predictt the stiffness development of the composite dur ing setting with 
aa good degree of accuracy. 

00 0 
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LOWW SHRINKAGE COMPOSITE. 

PARTT II: INFLUENCE OF C-FACTOR AND TEMPERATURE ON 
SELECTEDD MECHANICAL PROPERTIES DURING SETTING 

Abstract t 

Thiss chapter describes a preliminary study on the potential of an experimental 
low-shrinkagee composite for use in restorative dentistry. The shrinkage strain-
strain,, stiffness development, and tensile strength at different configurations (C-
factor)) of an oxirane composite were measured and analyzed at room 
temperaturee and oral temperature. It was found that the stiffness development 
wass inversely related to the C-factor. Higher temperatures led to increased 
shrinkagee and stiffness, and thus to higher shrinkage stresses. Despite the 
attractivee low-shrinkage, strain-stress behavior, the poor mechanical strength 
propertiess of the oxirane composite make this light-activated composite not 
suitablee for use as a posterior restorative material. These poor properties 
appearr to be the result of a weak interation between filler and oxirane matrix. 



Introduction n 

gg Resin composi tes are widely used in dental practice, as they exhibit 
88 the appropriate physical and mechanical properties, as well as excellent 
enn aesthetic proper t ies . Still, the problem of shr inkage dur ing the sett ing 
jïï p rocess has not been solved. Volumetr ic shr inkage, in combinat ion 
cc wi th the solidification process of the composite, will inevitably lead to 
^^ development of stress, which may disrupt the restoration bond to cavity 

wal l s .. The magn i t u d e of the sh r inkage s tress has been found to be 
dependen tt on composite shrinkage [1], the viscoelastic behavior dur ing 
set t ingg [2], and on the amount of compliance of the substrate material 
[3-5]. . 

o o 

"55 A critical factor in obtaining a leakproof and durable restoration with 
'gg p re sen t -day compos i t es is the p rac t ioner ' s technique of res tora t ion 
•cc p lacement . The choice of res tora t ion des ign [6-7], filling technique 
gg (several increments [8], introducing porosity [9]), and light activation 
ÜÜ me thod [10], can r educe the amoun t of sh r inkage s t resses in the 
HH restoration significantly These manipulative factors minimized shrinkage 
°"" s t resses by p rov id ing the restorat ive mater ia l ei ther more free area 
mmmm ( low C-factor) or t ime (low po lymer i za t i on rate) to flow du r i ng 
*•• shr inkage. 

CD D 

to o 

-c c 

Obvious ly ,, th is man ipu l a t i on will also influence the final mater ia l 
proper t ies .. Whereas the effect of restorat ion design, described by the 
configurationn factor1, on the mechanical proper t ies of the material is 
a s s umedd to be neglect ible , po ros i t i e s and va ry ing l ight in tens i ty 
t e chn iquess may inf luence the mechanica l s t r eng th of po lymer i zed 
compositess negatively [11-14], In the choice of an application method or 
typee of res torat ion, a balance must be found between low shrinkage 
stress,, on the one hand , and a adequate monomer conversion level, on 
thee other [15]. 

Thee problems involved with composite shrinkage should not depend on, 
orr in the worst case, solved by the pract ioner ' s technique of making 
restorations.. The use of low-shrinking or even non-shrinking composites 
wou ldd lead to less handl ing techniques to provide restorat ions of high 
quali tyy and long clinical durability. Recently, a dental composite based 
uponn oxirane as monomer system has been developed [16]. A previous 
s tudyy showed that the cationic (ring opening) polymerizat ion of the 
oxiranee composi te caused significantly less polymerizat ion shrinkage 
strainn and stress compared wi th convent ional d imethacryla te based 
composi tess [17]. 

'C-factor=ratioo bonded (immovable) to unbonded (free) surface of restoration 
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Thee aim of this study was to explore the potential of the oxirane 
compositee as dental restorative material by determining the effect of C-
factorr and temperature on several mechanical properties of the 
compositee during and after setting. 

Materialss and methods 

Experimentall composite 

Thee oxirane composite was prepared by 3M (Pluto, batch EXL546, exp 
01/20022 3M). According to the manufacturer's instructions, the 
compositee was light cured for 60 seconds (Elipar Highlight, standard 
mode,, ESPE) with a light intensity of 600 mW/cm2 (radiometer, model 
100,, Demetron) at the light exit tip (0=8.95 cm). 

Dynamicc test: oscillatory deformation cycles 

Thee dynamic stress-strain data were obtained from an oscillatory 
sinusoidall strain measurement on an automated testing machine 
(ACTAIntense,, ACTA), as specified in chapter 8 of this thesis. The 
measurementss (n=3) on the oxirane composite were performed at four 
differentt C-factors (Table 9.1). The effect of the temperature 5 
andd 5 QC) was measured solely at the lowest and highest 
configurationn setting of the composite; i.e., C=1.0 and C=3.85 
respectively.. The dynamical tests were performed with ACTA 
applicationn software (version 3.14) 

Tabl ee 9.1 Survey of configuration (C) factors (d/2h), their corresponding 
volumes,, and temperature for oxirane composite in the oscillatory deformation 
tests. . 

Code e 

C1-23 3 

C1-37 7 

C2-23 3 

C3-23 3 

C3.85-23 3 

C3.85-37 7 

Temperatur ee ) 

23 3 

37 7 

23 3 

23 3 

23 3 

37 7 

C-facto r r 

1.0 0 

1.0 0 

2.0 0 

3.0 0 

3.85 5 

3.85 5 

Diamete rr  [d ] 
stee ll  rod (mm) 

3.2 2 

3.2 2 

4.0 0 

4.5 5 

5.0 0 

5.0 0 

Heigh tt  [h ] 
composit ee (mm) 

1.60 0 

1.60 0 

1.00 0 

0.75 5 

0.65 5 

0.65 5 

Volum e e 
(mm* ) ) 

12.87 7 

12.87 7 

12.57 7 

12.93 3 

12.76 6 

12.76 6 



<gg Volumetric shrinkage measurement 
s> > 
o o 
gg During the dynamic test, the axial shrinkage strain of the specimen 
o o 
« « 
oo was not measured, because the height of the specimen during setting was 
e>> kept constant. However, the displacement caused by axial shrinkage 
^^ must be taken into account when modeling the stress data. For this 
cc reason, volumetric shrinkage measurements (n=3) were performed with 
|| a mercury dilatometer at 1 and 1 °C, using the procedure 

describedd by De Gee et al. [18]. o o 
o o 
w w 
.* * 
** Scanning electron microscopy 
o o 

55 The fractured surface of the composites was examined in a Philips 20 
££ XL scanning electron microscope at an accelerating voltage of 20 kV. 

o> > 

Stress-strainn analysis 

Thee stress-strain data obtained from the oscillatory deformation 
measurementt were analyzed as described in chapter 8 of this thesis. 
Thee data obtained from the volume shrinkage measurement were 
averaged,, and the axial shrinkage strain (eaxial) of the oxirane composite 
att the chosen configuration was calculated from the volumetric shrinkage 

^^ strain (eVol) by the conversion factors in Table 3.1. In this approach, we 
cc assumed that the shrinkage behavior of the oxirane composite was 

similarr to the conventional dimethacrylate composites, as measured 
byy Feilzer and co-workers. [19]. For the identification of the Young's 
modulus,, the functional expression of the obtained axial shrinkage 
strainn with time was calculated by a cubic spline fit, and added to the 
oscillatoryy strain for all the points in time of the dynamic test 
measurementt (Fig. 8.7e). 

Young'ss modulus identification 

AA previous study showed that the stiffness development, denoted by 
thee elastic or Young's modulus E, of the oxirane composite during 
settingg can be identified by analyzing isolated stress-strain data with the 
Maxwelll model (Fig. 8.9). Due to the high level of noise carried by the 
stresss data, we were not able to predict realistic viscosity values with the 
Maxwelll model [17]. The identification procedure for the Young's 
moduluss on stress-strain data of small time intervals (approx. 10 
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seconds)) is described in chapter 8 of this thesis. The parameter 
identificationn procedure was performed with Matlab (version 5.3, 
Mathworks)) on a desktop computer (Windows® 98 platform). 

Resultss and d i scuss ion 

Effectt of configuration factor 

Polymerizationn shrinkage has three fundamental aspects, namely 
magnitude,, direction and time-dependence. The magnitude and 
directionn (or vector character of shrinkage) are influenced not only by 
materiall composition, but also by the geometry of the host environment, 
normallyy the shape and size of the preparation being restored. To a 
firstt approximation, this is governed by the C-factor, the ratio of bonded 
(immovable)) to unbonded (free) surface of the material. In this study, we 
couldd not determine the effect of the C-factor on the axial shrinkage 

Volumetricc — 

20000 4000 
Tim ee (s) 

re re 
Q. . 

$$ 0.60-
2 2 
(A A 
a>> 0.40-
re re 

££ 0.20-
.c c 
(A A 
"ree n-

E E C3.85-23 3 

^ ^ J r ~ \ ^ < -- C3"23 

'^\^~^'^'^\^~^'^ C2-23 

C1-23 3 

£-•£-• . , . 

X X 

< < 

20000 4000 
Tim ee (s) 

20000 4000 
Timee (s) 

6000 0 

6000 0 

Figur ee 9.1 (a) Axial shrinkage strain for the oxirane composite at several C-
factorss at room temperature. The horizontal line in the figure represent the level 
off volumetric shrinkage strain after 6000 seconds setting as measured with the 
dilatometer.. (b) The shrinkage stress development of the oxirane composite 
bondedd at several specimen configurations at room temperature, (c) The 
Young'ss modulus development as predicted by the Maxwell model. Error bars 
indicatee the relative standard error in the calculated mean (n=3). 



behaviorr of Pluto with a linometer [20-22], because the test conditions of 
SS the linometer are insufficient to measure the slow and low shrinkage 
oo process of Pluto on a reproducible and reliable basis. 
a a 

Thee shrinkage strain of the experimental composite was determined 
5>> indirectly with mercury dilatometry by the conversion factors provided 
^^ by Feilzer et al. [19]. Figure 9.1a shows the shrinkage curves derived from 
££ dilatometry. As was found by Feilzer and co-workers, the composite 
^^ shrinkage, which is normally distributed in three dimensions, was 
££ gradually converted into one direction, approaching the magnitude of 
°° volumetric shrinkage when the C-factor of the composites was increased. 
« « 
t t 
££ Figure 9.1b shows the increase of shrinkage stresses with increasing 

thee C-factor of the oxirane composite. This shrinkage stress dependency 
onn the C-factor was also observed for conventional dimethacrylate 

££ composites by Feilzer et al. [7],  Contrary to that study, none of the 
cc oxirane composite specimens fractured spontaneously. This may not be 
|| a surprise by the look at the slow and low shrinkage stress development, 
aa which was in magnitude twenty times lower than measured by Feilzer 
|jj and co-workers under similar test conditions. The low shrinkage stress 

developmentt of the oxirane composite puts a low demand on oxirane 
basedd bonding agents [23]. For the clinical practice, it may be expected 
thatt the dentin-oxirane composite interface in a bulk filled Class V 
preparationn will survive the shrinkage stress when light cured for 60 
seconds.. A clinical handling, which often results in poor marginal 

o__ sealing with conventional dimethacrylate composites [24]. 

q> > 

0 0 

O. . 

o> > 

TO TO 

Itt is interesting that the Young's modulus development of the composite 
inn relation to the C-factor (Fig. 9.1c) did not coincide with our 
expectation.. Due to the less flow ability of the composite, we expected an 
increasee in stiffness behavior of the composite when polymerized at 
higherr C-factors. The observed relation between the stiffness 
developmentt and C-factor is not strictly valid for this experimental 
composite.. Preliminary dynamic tests in our laboratory on a 
commerciallyy available dimethacrylate composite (TetricCeram, 
Vivadent)) revealed the same relation between C-factor and stiffness 
development. . 

Thee relation between the Young's modulus and C-factor needs further to 
bee discussed. A factor that could have influenced the Young's modulus 
negativelyy at thin composite layers may be the presence of voids or 
flawsflaws in the specimen upon setting. In general, the effect of voids or 
flawss is minimized in compression, but show up in tensile mode of the 
specimenn as a reduction in Young's modulus. Due to shrinkage, the 
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compositee becomes more stretched at high C-factor. As a result, the 
compressionn phase; i.e., the cross head movement towards the specimen, 
inn the oscillatory deformations becomes less effective compressive. This 
couldd have lead to lower Young's modulus development at higher 
C-factors.. The structural integrity of the oxirane composite will be 
discussedd in the next paragraph. 

Scanningg electron microscopy 

Shownn in Figure 9.2 are SEM images of the fracture surface produced 
byy axial tensile loading. The fracture surface exhibited many empty, 
sphericall voids in a range of 5-125 /im in diameter. It is observed that 
moree voids were presence on the fracture surface of the composite 
polymerizedd at higher C-factors. This observation may explain the 
lowerr Young's modulus development at higher C-factors. Owing to the 
sizee of these voids, we conclude that void formation must have started 
fromm porosity. The level of voids did surprise us, because not much 

magnificationn (a) x15 (C3.85-37), (b) x50 (C3.85-37), (c) x500 (C3.85-37), 
andd (d) x2000 (C1-23) after tensile loading. The framework represents the zoom 
areaa for the following picture. The white arrow in (a) indicate the most likely site 
off fracture initiation. 



opportunityy was given to introduce air in the light-activated composite 
££ during specimen preparation. In fact, precautions were taken to avoid air 
oo introduction: the composite was pressed slowly out from the wide-
EE open syringe tip, and condensed carefully on the glass plate. The 
t»» monomer conversion should not be affected by these voids, because 
0»» the cationic polymerization of oxiranes is not inhibited by oxygen. 

.££ The SEM image in Figure 9.2d shows clearly that the adhesion between 
^^ the filler surface and polymerized oxirane phase is poor. This picture 
55 shows clean filler surfaces and smooth filler prints in the dense resin 
££ phase, which indicates that the filler was easily separated from the 
ii resin phase during tensile loading. A study of the wear property is in 
§__ progress, to evaluate the resin-filler integrity of this oxirane composite. 
o o 

c c 

a. . 

CD D 

Tensilee strength 

Dependingg on the intended use, the tensile strength and stiffness 
aree important properties for dental restorative composites. Undoubtedly, 

*•• for some purposes the restorative should be stiff and strong, in other 
situationss flexibility is more important, and strength not a critical factor. 
Too judge whether the oxirane composite can be a potential posterior 
restorative,, its stiffness and tensile strength were compared with Clearfill 
F2,, a commercially available posterior dimethacrylate composite. 

o__ The dependence of tensile strength on the configuration of the oxirane 
cc composite is visualized in Figure 9.3. The tensilee strength of the oxirane 

compositee reaches a maximum value, which was in contrast with the 
findingss of Alster and co-workers, which reported a gradually increase 
off tensile strength of Clearfil F2 with increasing C-factor [26]. The 
divergentt course in the tensile strength relation with C-factor may be 
attributedd to the structural integrity of the oxirane composite, which 
becomess weaker at C-factor>2. No explanation has yet been found why 
thee tensile strength relation with C-factor shows an optimum, and the 
Young'ss modulus with C-factor not (Fig. 9.1) 

Thee relatively weakness of the structural integrity of the oxirane 
compositee with regard to Clearfil F2 is manifest, when the tensile 
strengthh (Fig. 9.3) and Young's modulus of both composites are 
compared.. Both material parameter values of the oxirane composite 
cannott compete with the values of Clearfil F2 (Young's modulus = 10 
GPaa [2, 27]). The low stiffness (appr. 3 GPa) of this experimental 
compositee indicates a low potential as posterior restorative, which is 
subjectedd to masticatory forces when in operation. SEM analysis revealed 
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thatt the poor performance of the material properties is mainly related to 
thee weak interaction between the resin phase and filler surface. 
Consideringg this aspect, improvement of the resin-filler interphase 
mightt enhance the mechanical strength of this oxirane composite 
significantly. . 
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Figur ee 9.3 Tensile strength values of the oxirane composite after approximately 
1144 minutes setting. The tensile strength for Clearfil F2 after 60 minutes 
settingg is also incorporated [28]. Error bars indicate the standard deviations of 
thee calculated mean (n=3). 

Effectt of temperature 

Figuree 9.4 depicts the volumetric shrinkage performance of oxirane 
compositee during setting at room temperature and oral temperature. The 
curvess reveal that temperature affects the rate of the cationic 
polymerizationn positively. This is noticeable by the shorter delay in 
shrinkage,, and the higher slope at each point in time of the shrinkage 
curvee at 37 °C. The higher amount of shrinkage suggests a higher degree 
off monomer conversion at oral temperature. Attempts to monitor the 
oxiranee conversion by infrared spectroscopy failed, because no 
characteristicc peak of the C-O-C bond stretching was observed on the 
spectrographh at the range of 1050-1175 cm-1 [29]. Raman spectroscopy 
mightt be helpful for this purpose. 
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Figuree 9.4 Vo lumet r ic shrinkage of the oxi rane composi te at two temperatures 
andd two d i f fe rent t ime-sca les : (a) 100 seconds and (b) 100 minu tes . Error 
barss indicate the relat ive standard error in the calculated mean (n=3). The light 
s ignall represents the init iat ion and terminat ion of the irradiat ion process of the 
l ightt unit. 

Thee results shown in Figure 9.5a, however, confirm indirectly, the 
positivee effect of temperature on the degree of monomer conversion. As 
thee composition of the oxirane composite was kept constant, the increase 
inn stiffness with temperature can only be caused by an increase in 
monomerr conversion. Degree of conversion should not be interpreted as 
degreee of cross-linking, because other mechanisms, such as polymer 
chainn length distribution, and bonding polymer to filler, may play a role. 
Consideringg the effect of temperature on shrinkage and stiffness, it 
mayy not be a surprise that composite setting at oral temperature results 
inn a higher shrinkage stresses (Fig. 9.5b). To mimic the clinical situation 
inn future studies as close as possible, the oxirane composite must be 
exposedd to water during setting. Besides the effect of water sorption on 
materiall properties [30], it will also be of interest to find out if the rate of 
thee cationic polymerization reaction is affected by water uptake. 

Itt is interesting to see that the stiffness curves of the oxirane composite 
att C-factor=3.85 converge to one single stiffness value. From this 
observationn alone, one may conclude that temperature affects only the 
ratee of monomer conversion, and not the amount of monomer 
conversion,, because the same value of stiffness is reached. However, the 
shrinkagee curve reveals more shrinkage at higher temperature, so more 
monomerr conversion must have been taken place. An explanation for 
thiss phenomenon is not as simple as one would expect. The complexity 
liess in the dual role of temperature during setting. On one hand, the 
inputt of thermal energy increases monomer conversion, and as a result, 
thee stiffness of the composite. On the other hand, an increase of thermal 
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energyy decreases the stiffness, because the segmental mobility of the 
polymerr chains is increased [31]. The dual role of temperature might 
explainn the course of the stiffness curve at oral temperature. It can be 
arguedd that at the early 1200 seconds of setting, the temperature effect 
onn the monomer conversion predominates, and in the remainder part of 
thee setting process, wherein the rate of monomer conversion is low, 
thee temperature effect on the polymer mobility predominates. 

Thee convergence of the stiffness curves is not restricted to C-factor=3.85 
solely.. Extrapolation of both curves of C-factor=l revealed that they tend 
too converge at 200 minutes setting. An explanation for this slow converge 
ratee might be that the actual temperature of this thick layered composite 
iss lower due to the existence of a temperature gradient across the 
specimenn height; i.e., the distance between the heated glass plate and the 
headd of the steel rod. 
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Figur ee 9.5 (a) The Young s modulus development, as predicted by the Maxwell 
model,, and (b) the shrinkage stress development of the oxirane composite at 
twoo specimen configurations and two temperatures. Error bars indicate the 
relativee standard error in the calculated mean (n=3). 

Inn the previous section, we discussed the stiffness and tensile strength 
propertyy of the oxirane composite at 100 minutes setting. The slope of the 
stiffnesss curve Cl-37 in Figure 9.5a indicate that maturation of the 
oxiranee composite structure still proceeds after this time period of 
setting,, which is characteristic for (living) cationic polymerization 
reactionss [31, 32]. The continuation of the setting reaction after 100 
minutess leads to improved stiffness. However, this begs the question 
howw the practioner knows when this composite has properly set for 
clinicall function. In dentistry, up to 30 minutes as maximum setting 
timee is considered to be acceptable, whilst several hours would 



obviouslyy be unacceptable. Therefore, in the development of the oxirane 
composi tee to become a restorative material , better material propert ies 
mustt be gained wi th shorter set t ing t ime. 

Conc lus ionss and recommendat ions 

Severall conclusions can be d r awn from this explorative s tudy of an 
exper imenta ll oxirane composite. The configuration and tempera ture 
off the composi te affect the axial shr inkage strain, the axial shr inkage 
stress,, and the stiffness development of the composite dur ing setting. It 
wass found that the C-factor was inversely related to the stiffness. Its poor 
mechanicall s t rength and slow setting process make the low-shrinkage 
ox i ranee compos i t e unsu i t ab l e for pos te r io r res to ra t ive work . The 
mechanica ll p rope r t i e s can be improved if a s t rong bond is formed 
betweenn filler and oxirane matrix. If the propert ies of this experimental 
compositee can be improved, an at tempt can then be made to s tudy how 
wa te rr s o rp t i on affects the f i l ler-matrix bond ing process , the 
polymer iza t ionn reaction, and the shr inkage of this composite. 
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SUMMARY,, CONCLUSIONS, AND RECOMMENDATIONS 

Directt restorative resin composites have gained a permanent position 
onn the dental market. Their superior esthetics and consecutive 
preparationn (less destructive than amalgam) have been instrumental 
inn this commercial success. The ideal restoration has a tight seal with the 
remainingg tooth structure, since otherwise bacteria and the toxins they 
producee can invade and grow in the gap formed, resulting in pulp 
irritationn and even secondary caries. This perfect adaptation must be 

obtainedd during setting, and then maintained during thermal and 
mechanicall cycling for the lifetime of the restoration or the patient. 
Currently,, no commercially available resin composite guarantees an 
intactt seal. Because the resin has no anti-microbiological activity, it is 
importantt for a restoration to be placed in such a way that the best 
possiblee marginal seal is obtained. 

Theree are, however, many side effects that prevent the formation of a 
perfectlyy sealed restoration. Most of these effects are related to shrinkage 
off the restoration during the setting process. As a result of the adhesion 
too rigid tooth tissue, this shrinkage will be constrained, and this, in 
combinationn with the increasing stiffness of the restorative material, will 
inevitablyy lead to the development of mechanical stresses in and around 
thee restoration. These stresses are a major problem, since they have a 
negativee influence on the durability of the restoration. While loss of 
adhesionn can occur at any time, the most likely moment is when the 
magnitudee of the shrinkage stress exceeds the strength of the developing 
restoration-toothh bond. Since most bulk shrinkage takes place within 15 
minutess of setting, adhesive failure starts early in the restoration history, 
occasionallyy even before the patient has left the dentist's chair. Although 
thee restoration will probably not fall out of the preparation, it must be 
replacedd in order to prevent adverse biological reactions. If the adhesion 
survivess the mechanical stresses, there may be cusp movement, post
operativee sensitivity, cohesive fracture, or tooth fracture. 

Too gain more insight into the problem of shrinkage stresses, the present 
researchh focused on the viscoelastic behavior of dental restorative 
materialss during setting. This mechanical behavior during setting, when 
thee material passes from a liquid to a solid state, is an important factor 
inn the relation between the shrinkage of the restorative material and the 
stresss development in the restoration. When the viscous flow and 
solidityy of the restorative during setting can be quantified, research 



intoo shrinkage stress development can be enriched with numerical 
analysess and simulation techniques. 

Thee aim of this research project was to use modeling to obtain more 
informationn on the viscoelastic behavior of several types of dental 
compositess during the setting process. With the aid of a suitable 
model,, the effect of resin formulation, configuration factor (C-factor), 
andd temperature on the mechanical behavior of resin composites was 
studiedd by monitoring the development of viscoelastic parameters 
duringg the setting process. In addition, characterization techniques 
suchh as infrared spectroscopy, wear, and scanning electron microscopy 
weree performed, in order to provide additional information to support 
thee discussion of these effects on the mechanical behavior. 

Chapterr 2 reviews the underlying cause of the shrinkage of polymeric 
restorativee materials, and the various factors that influence shrinkage. 
Somee factors affecting stress development are beyond the clinician's 

££ control (e.g., composite monomeric and filler formulation); however, the 
££ methods used for placement and light-curing can be directly controlled. 
11 Chapter 2 stresses the importance of knowing the relation between 
"** these manipulative factors and the development of shrinkage stresses. 
nn The chapter also addresses the problems involved in weighing a low 
™™ polymerization reaction rate against the need to obtain a high final 

monomerr conversion value, in order to ensure the clinically adequate 
propertiess of the restoration. Allowing a composite to flow prior to 
reachingg the gel point relieves shrinkage stresses, rather than permitting 
themm to build up within the material and at the restoration-tooth 
interface.. Building up a composite in increments helps to reduce the C-
factorr and minimizes stress development. The exact mechanisms and 
advantagess of stress alteration through the placement of low-modulus 
linerss are still not clear, and the effects of variation in light intensity (the 
soft-startt techniques and the new high-output intensity curing units) 
havee not yet been demonstrated. The influence of water sorption on 
thee stress relaxation of a composite is also addressed here. 

Thee appropriate modeling of the viscoelastic behavior of resin 
compositess during setting requires a good understanding of the 
mechanicall properties of the materials involved. Dynamic tests were 
necessaryy to establish the major characteristics of the composites, and to 
providee the data for the modeling investigation of the linear 
viscoelasticityy of dental composites during setting. Traditionally, 
dynamicc test machines are designed for large amounts of material, in 
whichh the structure does not change over time or does so very slowly 
(physicall ageing). As reliable data are crucial to the successful modeling 
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off composite behavior, certain aspects of the testing machine and 
softwaree were improved. Chapter 3 describes how this optimization 
processs resulted in a versatile testing machine, capable of performing 
accuratee sinus-shaped deformation on the submicrometer level, on 
smalll amounts of dental material during setting. The implementation of 
thee software-based dynamic feedback system has proved to be a crucial 
stepp in this type of testing. Preliminary experiments on commercially 
availablee two-paste and light-activated resin composites have shown that 
thee mechanical behavior of the setting composite is viscoelastic, i.e., 
partt of the deformation applied is recovered spontaneously when the 
loadd is removed, while the remaining deformation is permanent. 

Chapterr 4 describes an engineering approach for the analysis of axial 
stress-strainn data by mechanical models. Two 2-parametric models 
(Kelvinn and Maxwell) and one 3-parametric model (Standard Linear 
Solid)) which are possible candidates for describing the viscoelastic 
behaviorr of dental restorative material during setting are presented. 
Thee modeling technique was kept relatively simple. The state of stress-
strainn of the composite was assumed to be axial, in which case the 
modell can be described by ordinary differential equations. This equation 
wass solved analytically, and treated in modeling procedures. A 
proceduree was developed by which the material parameters could be 
identifiedd by a least square fit of the model's stress response on 
experimentall stress data. In addition, an evaluation procedure was 
developedd to calculate the model's response on axial shrinkage strain 
only.. The validation results showed that the parameter identification 
proceduree implemented in MATLAB was free of error. On the basis of 
sinusoidall stress-strain data, the procedure was capable of finding the 
twoo parameters associated with the Maxwell and Kelvin model with a 
goodd degree of accuracy. As regards the identification of the viscosity 
parameterr of the Maxwell model, the procedure was relatively sensitive 
too noise in the stress data. At a signal-to-noise ratio of less than 2, the 
calculatedd viscosity value of the Maxwell model must be regarded as 
questionable.. To obtain an accurate prediction of the three material 
parameterss of the Standard Linear Solid model, the stress to be modeled 
mustt be generated by a multi-wave strain. The addition of linear strain 
withh slopes larger than 0.0003 %/s to the sinusoidal strain proved 
adequatee for this purpose. 

Onee of the factors thought to reduce early shrinkage stress build-up 
(Chapterr 2) is the ability of the material to undergo viscous flow during 
thee early phase of setting. In a restorative material with increased flow 
capacity,, the volume change attributable to shrinkage is compensated by 
thee material flow from the unbonded, outer surface, ultimately resulting 
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inn lower stress. One way to increase the ability of the material to flow 
withoutt damaging its internal structure is by lowering the 
polymerizationn rate. The dental literature has demonstrated that, under 
thee same conditions, two-paste composites generate lower polymer
izationn shrinkage stress than the analogous light-activated composites. 
Chapterr 5 deals with the search for a mechanical model for the quan
tificationn of the viscous and elastic behavior of a commercially available 
two-pastee resin composite during setting. Uni-axial stress-strain data on 
Clearfill F2 during setting were obtained by a pulse sinusoidal test 
methodd and by mercury dilatometry. The stress-strain relation was 
analyzedd by means of three mechanical models (Maxwell, Kelvin, and 
thee Standard Linear Solid model). Using an identification procedure, the 
elasticc modulus (E) and viscosity (n) values at several setting times 
weree calculated. On the basis of the modeling and evaluation results, a 
modell for describing the viscoelastic behavior of the shrinking resin 
compositee was selected. It is clear from the modeling results that the 
viscoelasticc behavior of Clearfil F2 during setting, as elicited by the 

«« conditions of the dynamic test, cannot be described by a single mechan-
|| ical model. Up to 30 minutes into the setting process, the best prediction 
aa was achieved by the Maxwell model, while during the remainder of 

thee setting process the Kelvin model was used to describe the viscoelastic 
behaviorr of the two-paste resin composite. 

Inn recent years a new class of low-viscosity resin composites known as 
"flowablee composites" have been added to the range of commercial 
productss for restorative dentistry. This flowability is achieved either by 
reducingg the filler content or by increasing the amount of diluent 
(TEGDMA)) in dimethacrylate composites. In general, flowability is 
regardedd as a desirable property when it comes to reducing shrinkage 
stressess in the setting restoration. Chapter 6 describes the results of a 
studyy focusing on the possibility of stimulating viscous flow by 
increasingg the TEGDMA/bisGMA ratio in the resin of experimental 
composites.. The setting process was monitored and characterized by 
dynamicc tests, dilatometry, infrared spectroscopy, and mathematical 
modeling.. In addition, the tensile strength of the composites after one 
hourr of setting was evaluated, together with the wear process over a 
periodd of one year. It was found that a large amount (70 wt%) of 
TEGDMAA in the resin prolonged the predominant - pre-gel - viscous flow 
propertyy of the flowable composite to only a moderate degree, and 
displayedd high shrinkage stresses. This is due to the considerable 
differencess in the role of the two monomers in the setting process. The 
flexibleflexible TEGDMA controls the mobility of the dimethacrylate system and 
thee composite shrinkage, whereas the stiff BisGMA largely controls the 
reactivityy of the polymerization reaction. The excellent diluent 
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propertiess of TEGDMA with respect to bisGMA play a significant role in 
thee polymerization rate, viscosity, and stiffness development of the 
composite.. A composite containing 50 wt% TEGDMA in the resin 
displayedd the highest maximum rate, the greatest stiffness, and the 
lowestt viscosity. The high shrinkage stress in flowable composites - in 
spitee of the lower stiffness and viscosity - is ascribed to the relatively 
highh post-gel shrinkage, as a result of the presence of a large amount of 
TEGDMAA in the resin. In view of the high shrinkage stress, the high 
degreee of wear, and the low tensile strength, we discourage the use of 
flowablee composites for high-stress applications in restorative dentistry. 
Forr the predictive modeling of the viscoelastic behavior of bisGMA-
TEGDMAA composites based on the two-paste benzoyl peroxide-amine 
initiatorr system, the Maxwell model proved most effective during the 
firstt 15-20 minutes of the setting process. 

Light-activationn of dental restorative materials has become a "way of 
life"" for the average clinician, as it makes it possible to obtain immediate, 
direct,, and highly esthetic results with minimal loss of patient time. 
However,, the absence of internal porosities and the higher rate of 
polymerizationn contribute to the increase in stress development, since 
thee restoration is less able to flow permanently. As we strive for a better 
understandingg of the stress development of light-activated compos
ites,, it is important to know more about the viscoelastic behavior during 
setting.. Chapter 7 deals with a modeling study focusing on the 
visco-elasticc behavior of a commercially available composite during 
setting.. Stress-strain data on Z100 were recorded by means of a dynamic 
testt method performed on a universal testing machine. Three models 
(Kelvin,, Maxwell, and Standard Linear Solid) were tested by matching 
thee model response to experimental data; the viscoelastic parameters 
associatedd with the model were calculated. The high polymerization 
ratee of Z100 had a negative effect on the flow capability of the material. 
Onlyy a small proportion of composite shrinkage failed to contribute to 
stresss development in the composite. The experimental conditions were 
insufficientt to model both the viscoelastic liquid and solid behavior of 
Z1000 during setting using the Standard Linear Solid model. Adequate 
predictivee modeling of Z100 can be carried out by using the Maxwell 
modell for the initial 3 minutes of the setting process and the Kelvin 
modell for the remainder of the setting. 

AA straightforward way to reduce, or even prevent, shrinkage stress is by 
developingg a non-shrinking or low-shrinking resin system for dental 
restorativee composites. Photo-polymerization of this type of composite 
withh no limitations as regards depth of cure would be ideal, because it 
wouldd provide a high-quality bulk-filled restoration, with all the 



benefitss of a "cure-on-command" restorative. Chapter 8 describes a 
modelingg study focusing on the viscoelastic behavior of a new class of 
low-shrinkagee dental restorative composites during setting. The setting 
behaviorr of the experimental oxirane composite was investigated by 
analyzingg stress-strain data with the aid of 2-parametric mechanical 
models.. The experimental data were obtained by means of a dynamic test 
method,, in which the light-activated composite was continously 
subjectedd to sinusoidal strain cycles during setting. The material 
parameterss and the model's predictive capacity were analyzed using 
validatedd modeling procedures. The light-activated oxirane composite 
displayss attractive mechanical properties for application as restorative 
material.. In addition to shrinkage delay, it also undergoes lower 
polymerizationn shrinkage strain and stresses than conventional 
(dimethacrylate)) light-activated composite. Unlike experimental stress-
strainn data observation, the Maxwell model cannot predict the 
viscoelasticc behavior of the oxirane composite during setting. The high 
levell of the noise carried by the low stress signal has a decisive influence 

|QQ on the value of the viscosity parameter associated with this model. On 
|| the other hand, the elastic part of the Maxwell model does predict the 
aa stiffness development of the composite during setting with a good 

degreee of accuracy. 

9 9 
Chapterr 9 describes a preliminary study on the potential of the oxirane 
compositee as direct restorative composite. The shrinkage stress-strain, 
stiffnesss development, and tensile strength at different C-factors of the 
low-shrinkagee composite were measured and analyzed at room 
temperaturee and oral temperature. The configuration and temperature 
off the composite affect the axial shrinkage strain and axial shrinkage 
stress,, as well as the stiffness development of the composite during 
setting.. It was found that the stiffness development was inversely 
relatedd to the C-factor. Higher temperatures led to increased shrinkage, 
stiffness,, and increased shrinkage stresses. Despite the attractive low 
shrinkagee strain-stress behavior, its poor mechanical strength and slow 
settingg process make the low-shrinkage oxirane composite yet unsuitable 
forr posterior restorative work. 
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Conclus ions s 

Fromm this research the following conclusions can be drawn. 

Thee dynamic test system developed for testing dental restorative 
materiall proved capable of generating reliable stress-strain data on 
two-pastee and light-activated restorative materials. 

Dentall restorative composites show viscoelastic behavior during 
setting.. The composite is transformed from a pre-gel structure, in 
whichh the viscous flow behavior predominates over the elastic 
behavior,, into a post-gel structure, in which the elastic behavior 
predominatess over the viscous flow behavior. The time of crossover 
-thee so-called sol-gel or gel point - is not a hard material property, as 
itt is influenced by the conditions of polymerization activation and 
dynamicc testing. 

Thee validated parameter identification procedure is capable of 
identifyingg the material parameters associated with a mechanical 
modell on the basis of axial stress-strain data with a good degree of 
accuracy.. When performing the modeling procedure on stress data 
withh a high level of noise (Signal-to-Noise ratio < 2), the calculated 
viscosityy value must be regarded as questionable. 

Thee viscoelastic behavior of conventional - dimethacrylate -
compositess as elicited by the conditions of the test method cannot be 
predictedd by a single mechanical model. Good predictive modeling 
cann be carried out by using the Maxwell model in the early phase of 
settingg and the Kelvin model during the remainder of the setting 
process.. The mode of polymerization activation significantly affects 
thee time period of permanent viscous flow, and thus influences the 
timee period in which the Maxwell model is valid. For composites 
basedd on the two-paste benzoyl peroxide-amine initiator system, 
thee Maxwell model proved most effective for the first 15-20 minutes 
off the setting process. In the case of composites based on the light-
sensitivee camphorquinone-amine initiator system, this model is 
onlyy valid for a number of minutes when polymerized with a 
conventionall quartz tungsten halogen light unit under standard 
light-activationn conditions (600 mW/cm2 for 40 s). 

Permanentt viscous flow of the composite during shrinkage is effective 
inn lowering the ultimate stress level of the restoration. Low 
polymerizationn rates have a positive effect on the viscous flow 



capabilityy of dental resin composites, permitting the setting composite 
too shrink considerably during the permanent viscous flow state. In 
thiss light, two-paste resin composites are preferable to their light-acti
vatedd analogues for direct restorative applications. 

•• Elastic modulus development in a bonded resin composite depends 
of: : 

-- the temperature of the composite; 
-- the C-factor of the composite; 
-- the strain rate applied on the composite. 

•• Varying the TEGDMA/bisGMA ratio in the resin has a significant 
effectt on the mechanical properties of two-paste composites. It was 
foundd that the polymerization rate of bisGMA-TEGDMA composites 
iss an indicative measure of the viscoelastic behavior during setting: 
thee higher the reactivity, the greater the development of stiffness 

xx and viscosity. Composites with 50 wt% TEGDMA in the resin 
«« displayed the highest maximum polymerization rate. A large amount 
II (70 wt%) of TEGDMA in the resin prolonged the predominant - pre-
aa gel - viscous flow property of the flowable composite to only a 

moderatee degree, and displayed high shrinkage stresses. The 
••• relatively high post-gel shrinkage of flowable composites is the 
"" decisive factor in the development of high shrinkage stress. 

•• Low-shrinking composites can be developed using oxirane 
monomers.. The light-activated oxirane composites exhibit intrinsic 
'softt start', undergo 45% less shrinkage strain than commercially 
availablee light-activated resin composites, and generate very low 
shrinkagee stresses.However, the mechanical properties of the oxirane 
compositee cannot yet compete with those of the resin composites 
currentlyy available. 

Recommendat ions s 

Somee recommendations for future work related to the viscoelastic 
behaviorr and shrinkage stress relief of dental restoratives are presented 
below. . 

•• The use of one model for describing both the viscoelastic liquid and 
solidd behavior of setting composites is to be preferred. The inability 
off the Standard Linear Solid model to do so is due to the fact that the 
experimentall conditions of the dynamic test method are not good 
enoughh for predictive modeling with this 3-parametric model. 



Summary Summary 

Modificationss to the application software of the test system would 
makee it far better suited for the identification of three parameters in 
thee Standard Linear Solid model. It is advisable to perform 
sinusoidall deformations with different frequencies simultaneously; 
i.e.,i.e., as a multi-sine. If care is taken not to exceed the strain limitation 
forr linear viscoelasticity (0.5%), this would result in better predictive 
modelingg with the Standard Linear Solid model. 

•• Several other improvements to the dynamic test system would make 
itt possible to extend the scope of research into the viscoelasticity of 
settingg composites. Incorporation of the load signal in the feedback 
loopp for the crosshead movement, in combination with a more 
sensitivee load cell (250 N or lower), would enhance the axial 
shrinkagee strain measurements of bonded composites. In addition, 
implementationn of an optical device in the specimen mounting device 
wouldd make it possible to measure the lateral shrinkage strain of 
thee bonded composite during setting, and to calculate the Poisson's 
ratioo of the material. Alternatively, the Poisson's ratio could be 
determinedd indirectly by performing additional shear loading tests on 
settingg dental materials. In order to obtain reliable shear stress-
strainn data, the rotational test device should meet the requirements set 
forr dynamic testing in the tension-compression direction. 

•• The low shrinkage behavior of the oxirane composite is promising, in 
vieww of the restorative materials currently available. The use of this 
compositee would fundamentally alter the resin composites, expand 
theirr indications, diminish the demands on dentin-bonding agents 
andd clinical handling techniques. Therefore, efforts must be 
undertakenn to improve the filler-oxirane matrix bond, which would 
appearr to be the weakest link among the mechanical properties of this 
composite.. Besides these mechanical aspects, also carcinogenic 
riskss to humans by oxirane exposure must be studied. 

•• In this research project we have dealt with the viscoelastic behavior 
off resin composites at room temperature and oral temperature. It 
wouldd be of clinical value to study the mechanical behavior of 
restorativess in the presence of water. This is of importance, in 
particularr for the oxirane composites, because water sorption after 
settingg could frustrate the high expectations of this low-shrinking 
composite. . 

•• It would be interesting to incorporate the models and their parameter 
valuess into a finite elemental analysis package, in order to simulate 
thee shrinkage stress development in different cavity preparation 



designs.. To achieve this goal, close collaboration with the 
mathematicall profession is required. To avoid mathematical over-kill, 
thee dental profession must test these cavity preparation designs in a 
clinicall setting. 

CO O 



SAMENVATTING,, CONCLUSIES EN AANBEVELINGEN 
(SUMMARY,, CONCLUSIONS, AND RECOMMENDATIONS) 

Composieten,, de tandkleurige esthetische restauratiematerialen op 
kunstharsbasis,, kunnen nu wat materiaaleigenschappen betreft op veel 
gebiedenn de vergelijking met amalgaam doorstaan. Om die reden 
kunnenn zij vrijwel voor alle klassen van restauraties worden toegepast. 
Composietenn bestaan uit anorganische vulstofdeeltjes gedispergeerd 
inn een mengsel van verschillende diacrylaten en worden door een (licht 
gevoelige)) initiator tot verharding gebracht. Met behulp van adhesieven 
kunnenn composieten hecht aan het tandweefsel verbonden worden. 

Ondankss het hechtend vermogen van de adhesieve composietmaterialen 
iss het optreden van lekkage één van de belangrijkste factoren die de 
duurzaamheidd van composietrestauraties nadelig beïnvloedt. Deze 
lekkagee wordt veroorzaakt doordat de kunstofmatrix van de 
composietrestauratiee tijdens het verhardingsproces krimpt. Omdat 
composiett stijver wordt en aan het tandweefsel vastzit onstaan er 
spanningenn in de restauratie, op het adhesievlak en in het omringende 
tandweefsel.. Deze krimpspanningen vertegenwoordigen nog altijd een 
probleemm in de klinische tandheelkunde. In de recente tandheelkundige 
literatuurr wordt regelmatig melding gemaakt van gebrekkige 
aansluiting,, lekkage langs de randen van composietrestauraties en 
barstvormingg in het tandglazuur. 

Omm tot een beter begrip te komen van het spanningsontwikkelingsproces 
inn composietvullingen is inzicht in de elasticiteitsmodulus (Young's 
modulus)) en de vloeicapaciteit (viscositeit), de zogenaamde visco-
elastischee parameters, van het composietmateriaal noodzakelijk. Met 
namee de vloei van composiet, welke nog mogelijk is tijdens de 
verhardingsfase,, is van grote invloed op de uiteindelijke hoogte van de 
krimpspanning.. Met vloei wordt bedoeld de vervorming van de 
restauratiee ten gevolge van de onderlinge verplaatsingen van groeiende 
polymeerketenss in composiet. Deze vervorming draagt niet bij tot 
krimpspanningg ontwikkeling. Spanning kan alleen ontstaan door 
elastischee vervorming van stijf composiet gebonden aan tandweefsel. 
Tijdenss de verhardingsreactie krimpt de composietrestauratie, neemt de 
vloeii af en neemt de stijfheid (elasticiteit) toe. Het verhogen van de 
vloeimogelijkheidd van composiet tijdens de krimpfase maakt het 
mogelijkk om de krimpspanning in composietrestauraties onder controle 
tee houden. Tot op heden zijn in de tandheelkunde geen gegevens 
gepubliceerdd over deze visco-elastische parameters. Het doel van dit 



onderzoekk was dan ook om de ontwikkeling van de visco-elastische 
parameterss van tandheelkundige composietmaterialen tijdens het 
verhardingsprocess te kwantificeren, gebruikmakend van een ontworpen 
testmethodee en een mathematische modelleermethode. De verkregen 
parameterss levert ons inzicht in factoren, zoals samenstelling van de 
kunstofmatrix,, verhouding tussen het gebonden (niet verplaatsbare) 
enn het vrije (verplaatsbare) oppervlak van een restauratie (C-factor) en 
temperatuur,, die van invloed zijn op de vloeicapaciteit en 
elasticiteitsmoduluss ontwikkeling van composiet gedurende de 
verhardingsfase.. Zodoende kan het visco-elastisch gedrag van 
composietmaterialenn vergeleken worden om zodoende richting te geven 
waarinn nieuwe materialen ontwikkeld dienen te worden. 

Inn hoofdstuk 1 wordt de doelstelling van het promotie onderzoek nader 
beschreven.. Bovendien worden de opbouw van het proefschrift en de 
doelenn van de afzonderlijke projecten van dit onderzoek uiteengezet. 

Inn hoofdstuk 2 wordt een overzicht gegeven van de factoren die van 
invloedd zijn op het proces van spanningsontwikkeling in adhesieve 
restauraties.. Uiteraard is de hoogte van de polymerisatiekrimp een 
belangrijkee factor, maar ook de visco-elastische parameters van 
composiet,, de snelheid van de verhardingsreactie en de geometrie (C-
factor)) van de restauratie zijn bepalend in de krimpspanning 
ontwikkeling.. In de klinische situatie blijken de handelingen die de 
tandartss verricht bepalend te zijn voor het verkrijgen van goed 
afgeslotenn composiet restauraties. Zowel de verhardingssnelheid 
(belichtingsproceduree lichthardende composieten, mengverhouding 
chemischh hardende composieten) als de geometrie van de restauratie (C-
factor/opbouww in laagjes) zijn voor de tandarts toegepaste, 
manipulatievee factoren. Deze factoren kunnen leiden tot acceptabele 
krimpspanningenn omdat ze betrekking hebben tot het bevorderen van de 
vloeicapaciteitt (verhardingssnelheid) of vloeirichting (geometrie 
restauratie)) van composiet tot het zogenaamde gel-point moment in 
dee verhardingsfase. Na dit moment domineert de stijfheidopbouw van 
hett composiet over het vloeigedrag wat resulteert in een onvermijdelijke 
spanningsopbouww in de aan het tandweefsel gebonden restauratie. 

Uiteraardd heeft manipulatie van het verhardingsproces directe gevolgen 
voorr de krimp en het visco-elastisch gedrag van composietmaterialen. 
Voorkomenn moet worden dat de tandarts handelingen uitvoert die 
leidenn tot een onvolledige verhardingsreactie van het composiet. Een 
onvolledigee verhardingsreactie resulteert weliswaar in meer vloei, 
minderr krimp en daardoor een lagere krimpspanning, maar resulteert 
ookk in zwakke materiaaleigenschappen (slijtgedrag, sterkte, 
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hechtvermogen,, etc.) en lekken van restmonomeren naar de tandzenuw. 
Inn dit onderzoek zijn de visco-elastische parameters van tandheel
kundigee composieten gekwantificeerd met een mathematische 
modelleermethode.. In deze methode is het experimenteel bepaald visco-
elastischh gedrag geanalyseerd met differentiaalvergelijkingen. Voor de 
duidelijkheidd zijn deze vergelijkingen weergegeven met mechanische 
modellen.. De modelleermethode staat in hoofdstuk 4 uitvoerig 
beschreven.. Het visco-elastische gedrag van composietmaterialen tijdens 
dee verharding is onderzocht met behulp van de spanning - vervorming 
relatie.. Hiervoor zijn experimenten in een trekbank uitgevoerd waarin 
hett verhardend composietmateriaal werd blootgesteld aan wisselende 
drukk en trek vervormingen. In de zoektocht naar een geschikt model en 
kwantificatiee van de visco-elastische parameters is het van groot belang 
datt de experimentele meetresultaten betrouwbaar zijn. Aangezien de 
trekbankk traditie getrouw ontworpen is voor metingen aan grote 
hoeveelheidd materialen die niet, of zeer langzaam, met de tijd in 
mechanischee eigenschappen veranderen, werd voor dit doel zowel de 
trekbankk als de software aangepast. Hoofdstuk 3 beschrijft het 
optimaliseerr proces dat uiteindelijk geleid heeft in een veelzijdig 
trekbank,, waarmee met de tijd, sinusvormige, submicrometer 
vervormingenn op kleine hoeveelheden composietmateriaal kunnen 
wordenn uitgevoerd. Aanpassingen in de software - waaronder de 
toevoegingg van een terugkoppelroutine op het gemeten 
verplaatsingsignaall - waren cruciaal voor het uitvoeren van wisselende 
sinusvormigee verplaatsingen op kleine hoeveelheden materiaal. Enkele 
dynamischee experimenten laten zien dat zowel lichthardende als 
chemischh hardende composieten tijdens het verhardingsproces visco-
elastischh gedrag vertonen. Dit gedrag kan worden toegeschreven aan 
vloeii van de groeiende polymeerketens die bij de gemeten spanningen 
permanentee vervorming in het composiet veroorzaakt. 

Inn Hoofdstuk 4 staat de mathematische modelleermethode beschreven 
waarmeee de spanning-vervorming meetresultaten geanalyseerd kunnen 
wordenn met differentiaalvergelijkingen. Elk differentiaalvergelijking 
kann worden weergegeven met een mechanisch model. In een mechanisch 
modell geven de veer en schokbreker samen het visco-elastisch gedrag 
vann composiet weer. De schokbreker is een zuiger in een cylinder gevuld 
mett een viskeuze vloeistof en is representatief voor viskeuze vloei. De 
veerr stelt de elastische component van het visco-elastisch gedrag voor. 
Inn tegenstelling tot de schokbreker zijn opgelegde kleine vervormingen 
inn een veer onmiddellijk en volledig herstelbaar (reversibel). Drie 
mechanischee modellen, namelijk twee 2-parameter modellen (Maxwell 
enn Keivin) en één 3-parameter model (Standard Linear Solid), zijn 
geïntroduceerdd voor de beschrijving van het lineaire visco-elastisch 



ged r agg van t andhee l kund ige compos ie t ma te r i a l en t i jdens de 
verhardingsfase.. Het Standard Linear Solid model wijkt in die zin van de 
2-parameterr model len af dat het zowel een vloeibaar visco-elastisch 
gedragg (Maxwell - schokbreker en veer in serie geschakeld) als een vast 
v i sco-e las t i schee g ed r ag {Keivin - schokbreker en veer para l le l 
geschakeld)) kan beschrijven. 

Dee modelleertechniek is relatief eenvoudig gehouden. Er is een éénassige 
spannings-vervormingstoestandd aangenomen, waarbij het model met een 
no rma l ee d i f ferent iaa lvergel i jk ing besch reven kan worden . Deze 
verge l i jk ingg we rd analyt isch opge los t en b ehande l d in de 
mode l l e e r p r o c edu r e .. In de p rocedu r e v i nd t de bepa l i ng van de 
ma t e r i a a l p a r ame t e r ss plaats via m in ima l i s e r en van he t k le ins te 
kwadra t enn verschil tussen de experimentele en model gegevens. Ook 
werdd er een evaluatieprocedure ontwikkeld om de reactie van het model 

o>> op u i t s l u i t end axiale k r impspann ing te be rekenen . De va l ide r ing -
'££ resultaten lieten zien, dat de parameter-identificatieprocedure in Matlab 
22 software geschreven vrij van fouten was. Op basis van s inusvormige 
££ spannings-vervormings gegevens was de procedure in staat om de twee 
|| pa rameters van het Maxwell en Keivin model met een goede graad van 

011 n a u w k e u r i g h e i d te bepalen. Voor de bepa l ing van de viscosi te i t -
mmmm pa ramete r van het Maxwell model was de procedure relatief gevoelig 
• •• voor ruis in de data. Bij een signaal-ruisverhouding van minder dan twee 

moett de berekende waarde voor de viscositeitparameter als twijfelachtig 
be schouwdd worden . Om een nauwkeur ige voorspel l ing van de drie 
pa ramete r ss van het Standard Linear Solid model te verkrijgen, moet 
dee exper imente le spanning opgewekt worden met een uit meerdere 
s i nusgo lvenn b e s t a ande ve rvorming . Het toevoegen van een l ineair 
v e r a n d e r e n d ee v e r vo rm ing met een sne lhe id boven de 0.0003% per 
secondee blijkt hiervoor voldoende te zijn. 

Eenn van de factoren waarvan gedacht wordt dat deze de vroege opbouw 
vann k r impspann ing vermindert , is de capaciteit van het materiaal om 
viskeuzee vloei te ondergaan tijdens het vroege deel van de verharding. 
Inn een r e s t au r a t i ema te r i a a l me t g ro te re v loe icapaci te i t , wo rd t de 
vo l umea fnamee die aan kr imp toegeschreven kan wo rden , gecom
pensee rdd door vloei van he t ma te r i aa l vanaf het ongebonden 
buitenoppervlakk wat uiteindelijk in een lagere krimpspanning resulteert. 
Éénn manier om het materiaal zonder interne schade te laten vloeien is het 
ver t ragenn van de polymerisat iesnelheid. Tandhee lkundig onderzoek 
heeftt a a nge t oond da t onder deze l fde condi t ies , twee componen t 
compos i e t enn m i nd e r k r impspann ing on twikke l en dan de 
l i ch tu i tha rdendee var ianten . Hoofdstuk 5 behande l t het zoeken naar 
eenn mechanisch model voor het kwantificeren van het visco-elastisch 
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gedragg tijdens de verharding van een in de handel verkrijgbaar twee 
componentenn composiet. Éénassige spannings-vervormings gegevens 
vann Clearfil F2 tijdens het verharden werden verkregen met een puls
sinuss methode en met behulp volume krimp metingen. Het spannings-
vervormingsverbandd werd geanalyseerd met drie mechanische modellen 
(Maxwell,, Keivin en het Standard Linear Solid model). Met een 
identificatieproceduree werden de elasticiteitsmodulus (E) en de 
viscositeitt (r|) op verschillende momenten tijdens de verharding 
berekent.. Uit de modelleer resultaten is duidelijk dat het visco-elastisch 
gedragg van Clearfil F2 tijdens de verharding, zoals opgewekt tijdens de 
dynamischee test, niet door slechts één mechanisch model beschreven kan 
worden.. Voor de eerste dertig minuten leverde het Maxwell model de 
bestee voorspellingen. Na deze tijdsduur werd het Keivin model gebruikt 
omm het visco-elastisch gedrag van het twee pasta materiaal te 
beschrijven. . 

Recentt is een nieuwe klasse composieten, genaamd Tow-viscosity' of ook 
well 'flowable' composieten, toegevoegd aan de reeks van op de markt 
aanwezigee commerciële producten. De vloei-eigenschappen die deze 
productenn ten toon spreiden wordt bereikt door de hoeveelheid vulstof 
tee reduceren of door het aandeel verdunner (TEGDMA) in de 
dimethacrylaatt matrix te vergroten. In het algemeen wordt vloei gezien 
alss een gewenste eigenschap omdat het een bijdrage kan leveren aan de 
reductiee van krimpspanningen in de zich verhardende restauratie. In 
hoofdstukk 6 worden de resultaten beschreven van een onderzoek dat 
zichh richt op de mogelijkheid om viskeuze vloei te vergroten door de 
TEGDMA/bisGMAA ratio in experimentele composieten te vergroten. De 
verhardingsreactiee werd gevolgd en gekarakteriseerd door dynamische 
spanning-vervorming,, dilatometer en infraroodspectroscopie metingen 
uitt te voeren. Daarnaast werd de treksterkte, één uur na verharding, 
bepaald,, tezamen met een bepaling van de slijtvastheid gedurende de 
periodee van één jaar. Tenslotte werden de spanning-vervorming 
resultatenn met de modelleermethode bestudeerd. 

Wanneerr een grote hoeveelheid (70 gew.%) TEGDMA aan de kunststof 
werdd toegevoegd had dit een matige vergroting van de pré-gel viskeuze 
vloei-eigenschappenn tot gevolg. Bovendien leidde dit tot de 
ontwikkelingg van hoge krimpspanningen. Deze resultaten worden 
verklaardd door het feit dat TEGDMA en bisGMA een verschillende rol in 
hett verhardingsproces spelen. Het flexibele TEGDMA beïnvloedt de 
mobiliteitt van het op dimethacrylaat-monomeer gebaseerde systeem 
enn de polymerisatiekrimp, terwijl het stijvere bisGMA een grote invloed 
heeftt op de reactiviteit van de polymerisatiereactie. Wanneer TEGDMA 
inn combinatie met bisGMA als matrixkunststof in een composiet wordt 



toegepastt heeft het grote verdunnende eigenschappen en een belangrijke 
invloedd op de polymerisatiegraad, viscositeit en stijfheid van het 
materiaal.. Een composiet dat 50 gew.% TEGDMA bevat blijkt de grootste 
reactiviteit,, stijfheid en laagste viscositeit te vertonen. De hoge 
krimpspanningenn die 'flowable' composieten ten toon spreiden -
ondankss de lagere stijfheid en viscositeit - wordt verklaard door de 
relatieff hoge post-gel krimp welke wordt veroorzaakt door het grote 
aandeell TEGDMA in de kunststof. Door de hoge krimpspanningen, de 
lagee slijtvastheid en de lage treksterkte raden wij het gebruik van 
'flowable'' composieten in het occlusievlak van de molaren en 
premolarenn af. Wanneer men het visco-elastisch gedrag van bisGMA-
TEGDMAA composieten met behulp van modelleertechnieken wil 
voorspellenn blijkt het Maxwell model het meest effectief voor de eerste 
155 - 20 minuten van het verhardingsproces. 

Hett initiëren van de verhardingsreactie van vulmaterialen met behulp 
vann licht is erg populair geworden. Het stelt de tandarts in staat om in 
eenn korte tijd een esthetische restauratie te vervaardigen. Echter, 
toepassingg van de lichthardende één pasta restauratiematerialen leidt in 
vergelijkingg tot hun twee-pasta analogen tot hogere krimpspanningen, 
omdatt de restauratie minder mogelijkheden tot vloei heeft. Voor een 
beterr begrip van het ontstaan van polymerisatie-krimpspanningen in 
licht-verhardendee composieten is het van belang meer te weten van 
hett visco-elastische gedrag van deze materialen tijdens het 
verhardingsproces.. In hoofdstuk 7 wordt een modelleer studie 
beschrevenn welke zich richt op het bestuderen van het mechanisch 
gedragg tijdens de verharding van een commercieel verkrijgbaar 
composiett (Z100). Met behulp van een dynamische testmethode 
uitgevoerdd in een trekbank werden spannings-vervorming gegevens 
vann Z100 verzameld. Drie modellen (het Keivin, het Maxwell en het 
Standardd Linear Solid model) werden getest door het modelleerresultaat 
tee vergelijken met de gegevens die experimenteel werden verkregen; de 
visco-elastischee parameters (de berekende elasticiteits-modulus en 
viscositeit).. De hoge polymerisatiesnelheid van Z100 had een negatief 
effectt op de vloeicapaciteit van dit restauratiemateriaal. Slechts een 
kleinn deel van de totale polymerisatiekrimp droeg niet bij aan de 
ontwikkelingg van de krimpspanning in dit materiaal. Met het Standard 
Linearr Solid model bleek het niet mogelijk om zowel het visco-elastische 
vloeistoff gedrag als het visco-elastische vaste gedrag van Z100 te 
voorspellen.. Wanneer voor de eerste drie minuten van de reactie het 
Maxwelll model werd toegepast en voor de rest van de reactie het Keivin 
modell kon het visco-elastisch gedrag betrouwbaar worden voorspeld. 
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Eenn manier om de ontwikkeling van krimpspanningen te verminderen 
off zelfs te voorkomen is om niet-krimpende of minimaal krimpende 
kunststoffenn als matrix voor composieten te gebruiken. Wanneer 
dergelijkee materialen met licht kunnen worden verhard wordt de 
toepassingg ervan slechts gehinderd door de beperking in polymerisatie-
diepte.. In het algemeen zal dan een vultechniek kunnen worden 
toegepastt waarbij de gehele restauratie in één keer kan worden gevuld 
enn verhard. Hoofstuk 8 beschrijft een model onderzoek dat zich richt op 
dee bestudering van het visco-elastisch gedrag tijdens de verharding 
vann een nieuwe klasse van minimaal krimpende composieten. Het 
gedragg tijdens de verhardingsreactie van dit experimentele 'oxirane' 
composiett werd bestudeerd door de spannings-vervorming gegevens te 
analyserenn met behulp van een 2-parametrisch mechanisch model. De 
experimentelee gegevens werden verkregen met een dynamische 
testmethode,, waarbij het lichtverhardende composiet tijdens het 
verhardingsprocess aan continue opgelegde sinusvormige verplaatsingen 
werdd blootgesteld. De materiaalparameters en het voorspellend karakter 
vann het model werden geanalyseerd door gevalideerde modelleer 
proceduress toe te passen. Het lichtverhardende oxirane composiet 
vertoondee aantrekkelijke mechanische eigenschappen voor de toepassing 
alss tandheelkundige restauratiemateriaal. Naast een vertraagd 
krimpgedragg vertoonde het minder elastische vervorming en lagere 
krimpspannings-ontwikkeling,, in vergelijking tot conventionele 
composieten.. In tegenstelling tot eerdere bevindingen met experimentele 
composietenn kon voor dit materiaal het visco-elastisch gedrag niet met 
hett Maxwell model worden voorspeld. In verhouding tot het lage 
krachtsignaall had de ruis een te grote invloed op de waarde van de 
viscositeitparameter.. Daarentegen kon met het elastische deel van het 
Maxwelll model de ontwikkeling van de stijfheid van dit experimentele 
composiett betrouwbaar worden voorspeld. 

Hoofdstukk 9 beschrijft een voorstudie naar de potentie van de toepassing 
vann dit oxirane composiet als direct vulmateriaal. Hiertoe werd de 
krimpspanning-- en stijfheids-ontwikkeling en de treksterkte van 
verschillendee composiet configuraties bepaald (C-factor). De testen 
werdenn zowel bij kamertemperatuur als bij mondtemperatuur uitgevoerd. 

Dee configuratie van de restauratie en de temperatuur blijken een effect te 
hebbenn op de krimp-spannings- en de stijfheidontwikkeling tijdens de 
verhardingsreactie.. De stijfheid blijkt omgekeerd gerelateerd aan de C-
factorr te zijn. Hogere temperaturen leiden tot hogere krimp en stijfheid, 
mett als gevolg een hogere krimpspannings-ontwikkeling. Ondanks het 
aantrekkelijkee lage krimp- en krimpspanningsgedrag maken de beperkte 
mechanischee sterkte en het langzame verhardingsproces dat dit materiaal 



voorlopigg nog onbruikbaar is voor restauratieve tandheelkundige 
toepassing. . 

Conclus ies s 

Uitt de resultaten van dit onderzoek kunnen de volgende conclusies 
wordenn getrokken: 

•• Het in dit onderzoek ontwikkelde dynamische testsysteem om 
tandheelkundigee restauratiematerialen te testen blijkt geschikt voor 
hett verkrijgen van betrouwbare spannings-vervorming gegevens 
vann chemisch verhardende en lichtverhardende restauratiematerialen. 

•• Tandheelkundige composieten vertonen een visco-elastisch gedrag 
tijdenss de verharding. Het composiet transformeert van een pré-gel 
structuur,, waarbij het viskeuze vloeigedrag de boventoon voert over 
hett elastisch gedrag, tot een post-gel structuur, waarbij het elastisch 
gedragg de overhand heeft over het viskeuze vloeigedrag. Het 
kruispuntt dat men het sol-gelpunt of het gelpunt noemt is geen 
hardee materiaaleigenschap. Het gelpunt wordt beïnvloed door de 
testconditiess en activeringsmethode. 

•• De gevalideerde parameter-identificatieprocedure is geschikt voor 
eenn betrouwbare identificatie van de materiaalparameters van 
mechanischee modellen welke gebaseerd zijn op éénassige spanning
vervormingg gegevens. Wanneer de spanningsgegevens een hoge ruis 
vertonenn (Signal-to-Noise ratio <2) moet de berekende 
viscositeitwaardee als onbetrouwbaar worden beschouwd. 

•• Het visco-elastisch gedrag van conventionele op dimethacrylaat 
gebaseerdee composieten kan niet met een enkel mechanisch model 
wordenn voorspeld. Een goede voorspelling van deze eigenschappen 
kann worden uitgevoerd door het Maxwell model voor de vroege fase 
vann de verhardingsreactie en het Keivin model voor de daarop 
volgendee fase toe te passen. De polymerisatie- activatie beïnvloedt de 
periodee waarbij permanente viskeuze vloei kan optreden en bepaalt 
daarmeee de periode waarbij het Maxwell model kan worden 
toegepast.. Voor composieten welke op het twee-pasta 
benzoylperoxyde-aminee initiator systeem zijn gebaseerd is het 
Maxwelll model bruikbaar voor de eerste 15 tot 20 minuten van het 
verhardingsproces.. Voor composieten gebaseerd op het lichtgevoelige 
kamferquinon-aminee initiator systeem, geïnitieerd met een standaard 
halogeenn lichtbron (600 mW/cm 2 gedurende 40 seconde), is het 
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Maxwelll model alleen geschikt voor de eerste minuten van de reactie. 

•• Permanente viskeuze vloei van een verhardend composiet is effectief 
inn het verlagen van het uiteindelijke spanningsniveau van de 
restauratie.. Lage polymerisatiegraden hebben ook een positief effect 
opp de viskeuze vloeicapaciteit of tandheelkundige composieten en 
stellenn deze composieten in staat om grote krimp te ondergaan 
gedurendee deze fase van permanente vloei. In dit licht zijn twee
pastaa composieten te prefereren voor de directe toepassing in de 
tandheelkundee boven hun lichtverhardende analogen. 

•• De elasticiteitsmodulus ontwikkeling in een gehechte composiet
restauratiee is afhankelijk van: 

-- De temperatuur van het composiet; 
-- De C-factor van het composiet; 
-- De snelheid van vervorming welke het composiet 

ondergaat. . 

•• Het variëren van de TEGDMA/bisGMA ratio in de kunststofmatrix 
vann composieten heeft een significante invloed op de mechanische 
eigenschappenn van twee-pasta composieten. Het blijkt dat de 
polymerisatiee snelheid van bisGMA-TEGDMA composieten een 
indicatievee maat is voor het visco-elastisch gedrag tijdens de 
verharding:: hoe groter de reactiviteit, hoe groter de ontwikkeling van 
dee stijfheid en viscositeit. Composieten welke 50 gew.% TEGDMA 
bevattenn vertonen de hoogste polymerisatiesnelheid. Een grote 
hoeveelheidd (70 gew.%) TEGDMA in de kunststofmatrix verlengt 
dee pré-gel viskeuze vloei-eigenschap van 'flowable' composieten in 
lichtee mate, maar heeft hoge krimpspanningen tot gevolg. De relatief 
hogee post-gel krimp van 'flowable' composieten is bepalend voor hun 
hogee krimpspanningsontwikkeling. 

•• Minimaal krimpende composieten kunnen worden ontwikkeld door 
oxiranee monomeren toe te passen. Lichtverhardende oxirane 
composietenn vertonen een intrinsieke 'soft start', en vertonen 45 % 
lageree krimp in vergelijking tot commercieel verkrijgbare 
lichtverhardendee composieten. Echter, de mechanische 
eigenschappenn zijn minder goed in vergelijking tot deze commercieel 
verkrijgbaree composieten. 



Aanbeve l ingen n 

Enkelee aanbevelingen voor verder onderzoek naar het visco-elastisch 
gedragg en de krimpspanningsontwikkeling van tandheelkundige 
restauratiematerialenn worden hieronder beschreven. 

•• Het gebruik van één model voor de beschrijving van zowel het visco-
elastischh vloeistof gedrag als het vaste gedrag van verhardende 
composietenn verdient de voorkeur. De onmogelijkheid om dit met het 
Standardd Linear Solid model te doen ligt in het feit dat de 
experimentelee condities van onze dynamische testmethode niet goed 
genoegg zijn voor een voorspelling gebaseerd op dit 3-parametrisch 
model.. Wanneer de applicatiesoftware en het testsysteem worden 
verbeterdd is dit wellicht wel mogelijk. Het toepassen van 
sinusvormigee verplaatsingen met simultaan verschillende frequenties 
wordtt geadviseerd. Wanneer men er zorg voor draagt dat de 
vervormingg niet de limiet van de lineaire visco-elasticiteit overschrijdt 
kann dit resulteren in een betere voorspelling van visco-elastisch 
gedragg met behulp van het Standard Linear Solid model. 

•• Verschillende andere verbeteringen van het dynamisch testsysteem 
kunnenn het mogelijk maken dat de reikwijdte van het onderzoek 
naarr het visco-elastisch gedrag van composieten wordt verbreed. 
Wanneerr het krachtsignaal in de terugkoppelingslus van de trekbank 
wordtt meegenomen kunnen nauwkeuriger metingen worden 
uitgevoerd,, zeker wanneer dit tezamen met een gevoeliger 
krachtopnemerr wordt toegepast. Met behulp van een optische sensor 
zouu het mogelijk moeten zijn om ook de laterale dimensionale 
veranderingg van het monster te bepalen. Berekening van de Poisson's 
waardee zal dan mogelijk zijn. De Poisson's waarde zou ook kunnen 
wordenn bepaald door schuifbelastingstesten uit te voeren. Om 
hiermeee betrouwbare resultaten te verkrijgen is het noodzakelijk 
datt de testopstelling aan dezelfde vereisten voldoet die ook gelden 
voorr de dynamische meetopstelling. 

•• Het minimale krimpgedrag dat oxirane composieten vertonen lijkt 
veelbelovendd in vergelijking tot de huidige op de markt zijnde 
restauratiematerialen.. De toepassing van dit soort composieten kan 
eenn fundamentele verandering tot gevolg hebben met betrekking 
tott het gebruik van composieten in de tandheelkunde. Het 
indicatiegebiedd zou kunnen worden uitgebreid, de hechtingseisen die 
tegenwoordigg aan dentine hechtlakken worden gesteld zouden tot een 
lagerr niveau bijgesteld kunnen worden, terwijl hetzelfde geldt voor 
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dee klinische applicatietechnieken. Om die reden is het van belang dat 
err moeite wordt besteed aan het verbeteren van de hechting van de 
vulstoff aan de oxirane kunststofmatrix, deze vormt nu de zwakste 
schakell met betrekking tot de mechanische eigenschappen van dit 
materiaal.. Naast deze mechanische eigenschappen is het tevens van 
groott belang dat inzicht wordt verkregen in de biocompatibiliteits-
risico'ss van dit soort materialen. 

•• In dit onderzoek hebben wij het visco-elastisch gedrag van 
composietenn bestudeerd bij kamer- en bij mondtemperatuur. Het 
kann van klinisch belang zijn om dit onderzoek ook uit te voeren in de 
aanwezigheidd van water. Vooral voor oxirane composieten is dit 
vann belang omdat waterabsorptie na de verharding een grote invloed 
opp de kwaliteit van dit materiaal zou kunnen hebben. 

•• Het kan zeer interessant zijn wanneer men de bestudeerde modellen 
enn hun parameterwaarden in een eindig element analyse model 
(Finitee Elemental Analysis) zou toepassen. Hiermee kan een indruk 
wordenn verkregen van de krimpspanningsontwikkeling in 
verschillendee caviteitsgeometriën. Om dit doel te bereiken is een 
nauwee samenwerking met de mathematische professie vereist. Om 
mathematischee 'overkill ' te vermijden zal de tandheelkundige 
professiee de caviteitsontwerpen moeten testen. 
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APPENDIXX A 
ANALYTICALL SOLUTION OF LINEAR DIFFERENTIAL 

EQUATIONN ASSOCIATED TO LINEAR VISCOELASTIC MODELS 

Thiss appendix shows in detail the mathematics used for solving the 
differentiall equation of the Maxwell model and Standard Linear Solid 
modell analytically. The content does not only show the analytical 
solutionss as used in the modeling procedures in this research project, but 
alsoo provide help for those who are not familair with mathematics 
regardingg solving differential equations. The analytical equation of the 
Kelvinn model, which can be derived directly from the differential 
equation,, is given in the last section of this appendix. 

Generall so lut ion of l inear differential equat ions 

Generally,, linear differential equations can be written as [1]: 

y'+p(x)yy'+p(x)y = r(x) y'=dy/dx (A.l) 

Thee characteristic feature of a linear differential equation is that it is 
linearr in y and y', whereas p and r may be any given functions of one 
variablee (x) only. In this research project, only first order (in y) 
differentiall equations where investigated. The variables obtained from 
thee dynamic test method are the stress (o), strain (e), and time (f). The 
functionn r(x) (input) on the right-hand side of Equation A.l represent the 
strainn (e) and the solution y(x) (output) the stress (a). The choice for 
makingg the strain as input, and therefore the independent variable, 
seemss natural because the mechanics of the test method were such that 
thee strain was externally controlled. Both stress and strain are functions 
off time only; i.e., o~(t) and e(t) respectively. 

Thee differential equation of the Maxwell and Standard Linear solid 
modell written in the way of Equation A.l reveals: 

E E 
Maxwell:Maxwell: <J+—G = E£' (A.2) 

n n 

StandardStandard Linear Solid o'+ — o = (E} +£2)£'+^— ] -e (A.3) 
7}7} J] 
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Smalll time intervals (t0,to+At) in the stress response (Fig. A.l) of the 
dentall restorative material were analyzed, because the material 
parameterss were assumed to be constant. Since the function of the 
appliedd strain for the interval is known; e.g. the stress in time interval 
(to,to+At)) in Figure A.l is the response on a sinusoidal and linear 
shrinkagee strain, the differential equation associated with the model can 
bee solved for the interval, allowing the stress to be expressed as a 
functionn of time and unknown material parameters. 

255 50 
Settingg time (s) 

Figuree A.1 Small time interval in the stress response of a dental restorative 
materiall during setting. 

Thee general solution for the differential equations of the mechanical 
modelss can be written accordingly Equation A.4, which presents the 
generall solution of Equation A.l in the form of an integral. The /i-term 
andd r-term of Equation A.4 for each model with a sinusoidal or linear 
strainn function as input, are given in Table A.l. 

y{x)=e~y{x)=e~hh\[ \[ ee rdx +C i=\p{x)d* i=\p{x)d* (A.4) ) 

Inn solving Equation A.4, the stress at t0, the so-called initial condition 
(o(to)),(o(to)), is taken from experimental stress data. As the strain and its 
derivativess are known functions of time, the integral in Equation A.4 can 
bee evaluated analytically for the differential equation for both models 
(Tablee A.l). 
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Tabl ee A.1 Terms associated with Equation. A.4 for two strain functions. 

Strain: : e(t)e(t) = Asiv(ox) e(t)-B+ct e(t)-B+ct 

MjEi MjEi 

§»» • 

Maxwell:: **J 
rr  = EA0)cos(0X) 

Standardd h=^t 
Linearr \ '** 
Solid:: r m (Ei+E2)Amcos(«at)+^2SL A rin(<ar) r = (£, + E2 )c + i^L(B+et) 

4.A A 
r»Ec r»Ec 

£2£, , 

Too get the des i red so lu t ions of the differential equa t i ons for the 
mechanicall models , first the integral in Equat ion A.4 is evaluated, and 
thenn the cons tan t C in this equa t ion is def ined. The next sect ion 
describedd these two steps in detail for the Standard Linear Solid model . 
Thee analytical solution for the Maxwell model is obtained in the same 
wayy and is, therefore, only presented in Table A.2. 

A n a l y t i c a ll s o l u t i o n f o r S t a n d a r d L inear S o l i d a n d 
M a x w e l ll m o d e l 

Thee general solut ion of the differential equa t ion of the S tandard 
Linearr Solid model according to Equation A.4, with the terms in Table 
A.11 and a sinusoidal strain as input , can be represented as: 

o{t)o{t) = e —— « i 
'f 'f 

\e\enn \(El + E2)Ao)cos(ox) + + .. sin(fiff) dt+C dt+C 

Thee integral can be split up in two par ts : 

PartPart A: (Ei + E2)Aco\e n cos(ax)dt 

PartPart B: 
*-*~i*-*~i  E*\ 

- A l e ' '' sin(cot)dt 

(A.5) ) 

(A.6a) ) 

(A.6b) ) 
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Itt can be proven that [1]: 

ff em 

e™e™ cos(bx)dx = (acos(bx) + bsin(bx) + C (A.7a) 
JJ a +b 

ax ax 

[e™[e™ sm(bx)dx = — (asin(fot) -bcos(bx) + C (A.7b) 
JJ a -vb 

Applyingg Equation A.7a and A.7b on the integral in Equation A.6a and 
A.6bb results in: 

PartPart A: 
(E(E]] +E+E22)Acoe)Acoeriri  (E, , , . , A „ 11 —lcos(cot) + cosm(cot) \+C 

n n 
ll

YY + (o2 n n 
(A.8a) ) 

PartPart B: 

^Ve"' ^Ve"' 

EE2 2 —sin(a>r)-<ycos(ü#)) +C 
** J 

(A.8b) ) 

x x 
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Byy inserting Equation A.8a and A.8b back in Equation A.5, we get the 
generall solution for the Standard Linear Solid model: 

(J(t)-Cc^'(J(t)-Cc^' I EÏAWC^W) + AEÏEI+(EI+EIW<»2)SM(<*) ( A 9 ) 

EE22+T]+T] 22C0C02 2 

Att the begin of the interval (t0 set at 0), the model stress is equal to the 
experimentall stress (s(t0)), and, therefore, the constant C will be: 

(A.10) ) 

hence,, the analytical solution of the differential equation A.3, the so-
calledd particular solution, for the Standard Linear Solid model with a 
sinusoidall strain is: 

(7(00 = <*('«)-• • 
AEfaco AEfaco \\ _£l, 172 EE22Arf(Ocos((Ot)Arf(Ocos((Ot) + A{E2

XE2 + (£, + E2)n
2(Q2)sm(cot) 

EE22+ri+ri 22Q)Q)2 2 

(AM) (AM) 
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Inn Table A.2, the solutions for both strain inputs (linear or sinusoidal) are 
givenn for the differential equation of the Standard Linear Solid and 
Maxwelll model. When the input is a combined function of linear and 
sinusoidall strain, then the analytical solution is simply the sum of the 
individuall solutions. In the case of the Standard Linear Solid model, the 
finall solution will be: 

O"(00 = < T ( f 0 ) - T 7 c - g g 2 -- ^ 2 / ' 2 
E[E[ + T)'(Oi 

eenn +T]c + BE2 + 
(A.12) ) 

E?ATltocos((dt)E?ATltocos((dt) + A(E?E2 + (Et+E^tfcQ^smjcot) 
E]E]  +r\ 2w2 

Thiss solution, together with those presented in Table A.2, have been used 
inn the modeling procedures. 

Tabl ee A.2 . Particular solutions of the differential equations obtained by 
evaluatingg Eq. (A.4) for two strain functions. 

Strain:: e{t)pA$m®t) 

^faxweU ::  U A ^ f w * , , ;J$km \ $ ' . EAn<»(Eeos(o*) +i?«>giii(<fX)) 

Standardd Linear Solid: 

[[ * Ef +#V J Ef+rfw* 

J&lnfeK .. .. ' •.: *#>**+<* 

Maxwell:: _*, 

Standardd linear Solid: 

.5, .5, 
a(t)-(fr(ta(t)-(fr(t99)-BE)-BE22 -cq)e * +3EZ +c(n+ E2t) 



Thee first (exponential) term in the analytical solutions will approach zero 
ass time (t) approaches infinity. This means that after a sufficiently long 
timee the stress response on an oscillatory strain executes practically 
harmonicc oscillations (Fig. A.2). The time for reaching harmonic stress 
oscillationss is represented by the exponential term. In oscillatory strain 
tests,, the stress reponse is harmonic after approximately two sinusoid 
crosss head cycles (Fig. 3.14). Since the data was collected after five 
crosss head cycles, the stress response was modeled with the second 
termm in the analytical solutions only (exponential term was skipped). In 
pulsee sinusoidal strain tests, the time for reaching harmonic stress 
oscillationss must be taken into account. For this type of measurements, 
thee stress response was modeled with the analytical solutions as given 
inn Table A.2. 

o( t ) " " 

Figur ee A.2 Stress response due to an oscillatory strain. 

Analyticall so lu t i on for the Kelvin mode l 

Inn the preceeding section, the Kelvin model was left out of 
consideration,, because the analytical solution for this model can be 
derivedd directly from the differential equation. This section describes the 
analyticall solution for several strain functions. 

Inn the Kelvin model, the spring and dashpot are in parallel. As a result, 
thee stress function for the isolated time interval (t0,t0+At) is the sum of the 
stressess in each element individually: 

<j(t)<j(t)  = o(t0 ) + ££+r/e' ( A 1 3 ) 

wheree c(t0)) is the stress at the beginning of the time interval. 

Forr calculating the analytical solution for time interval [t0,t0+At], the 
individuall components in the Kelvin model have to be evaluated 
separately.. The stress in the dashpot (ne') is straightforward: multiply 
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viscosityy with the time derivative of the strain function. The stress in the 
springg (Ee) must be evaluated at the begin and end of the time interval: 

Sinusoidall strain: e(t) = A sin(cor) Linear strain: e(t) = B + ct 

o(to(t00 + At) = EA sin(G)(t0 + At)) o(t0 + At) = E(B + c(t0 + AO) 
oo (At) = EAsin(coAt) o(t0) =E(B + ct0) 

G(At)G(At) =EAsin((aAt) (A.14) a (At) = EcAt (A. 15) 

Thee final analytical solutions for the Kelvin model for the isolated t ime 
intervall [to,to+At] in the form of Equation A.13 can be wri t ten as: 

SinusoidalSinusoidal strain: 
cr(t)) = G(tQ) + EAsin(öW) + rfAcocos(ox) (A.16) 

LinearLinear strain: 
cr(t )) = a(t0) + Ect + r]c 

SinusoidalSinusoidal and linear strain: 

cr(t)) = a(t0) + E(ct + A sin(o)t)) + rj(c + Ao)co$(cot)) 

Alll these analytical solutions have been used in the modeling procedures 
throughoutt this research project. 
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APPENDIXX B 
MANUFACTURERR CODES 

Too crop out space consuming text, detail information of manufacturers is 
compiledd in this appendix. 

Code e Manufacturer r 

3MM 3M Dental Products , St. Paul, MN 55144-1000, USA. 

ACTAA ACTA, Depa r tmen t of Den ta l Mater ia l s Science, 
Louweswegg 1, Amsterdam, NL-1066 EA, The Netherlands. 

Aldrichh Sigma-Aldrich Chemie BV, Zwijndrecht, The Nether lands 

Bakkerr Bakker, J & I, Dorpsstr 102, NL-1901 EN, Castricum, 

Thee Nether lands . 

Begoo Bego Bremer Goldschlagerei Wilh. Herbst GmbH & Co., 

Bremen,, D-28359, Germany. 

Bioo rad Bio rad Digilab Division, Cambridge, USA. 
Bohlinn Bohlin Ins t ruments GmbH, Wit tumstrasse 10, Pforzheim, 

D-75181,, Germany. 

Demetronn Demetron Research Corp., Danbury, CT 06810-7377, USA. 

Dimedd Dimed NV, Joe Eng l i shs t r aa t 47, An twe rpen , B-2140, 

Belgium. . 

ESPEE ESPE, Seefeld, D-82229, Germany. 

Flukaa Fluka Chemica prov ided by Sigma-Aldrich Chemie BV, 
Zwijndrecht,, The Nether lands 

Grasebyy Graseby Specac Inc., 500 Technology Court , Smyrna, 
GAA 30082 5211, USA. 

HAAKEE HAAKE GmbH, Dieselstrasse 4, Karlsruhe, D-76227, 
Germany. . 

Hounsfieldd Hounsf ie ld Test Equ ipmen t Limited, 6 Pe r rywood 
Bussinesss Park, Honeycrock Lane, Salfords, Redhill, Surrey, 
RH11 5DZ, UK. 

Instronn Instron, 100 Royall Street, Canton, Massachuset ts , 02021-
1089,, USA. 

Ins t rumatt In s t ruma t , van Wie ld rech t s t r aa t 5, Raamsdonksvee r , 
NL-49411 AN, The Nether lands . 

Kulzerr Heraeus Kulzer GmbH & Co. KG Kulzer, Phil ipp-Reis-
Strassee 8 /13 , D-61273 Wehrheim, Germany. 

Kurarayy Kura ray Europe GmbH, Schiess-s t rasse 68, D-40549 
Dusseldorf,, Germany. 

LC-electronicss LC-electronic GmbH, Postfach 1361, D-25465 Halstenbek, 
Germany. . 
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Mahr r 
Mathworks s 

MTS S 

Microcal l 

Rheometric c 

Röhm m 

RSS components 

Thermo-electra a 
Triton n 

Zwick k 

Mahrr GmbH, Brauweg 38, Göttingen, D-37073, Germany. 
Thee MathWorks Inc., 24 Prime Park Way, Natick, 
MAA 01760-1500, USA. 
MTSS Systems Corp., 14000 Technology Drive, Eden Prairie, 
MNN 55344-2290, USA. 
Microcall software, Ine, One roundhouse plaza, 
Northampton,, MA 01060, USA. 
Rheometricc Scientific, Inc., One Possumtown Road, 
Piscataway,, NJ 08854, USA. 
Röhmm GmbH Chemische Fabrik, Kirschenallee, 
D-642933 Darmstadt, Germany 
RSS Components BV, Bingerweg 19, Haarlem, 
NL-20311 AZ The Netherlands. 
Thermo-electra,, Pijnacker, NL-2640 AB, The Netherlands. 
Tritonn Technology Ltd, The Loughborough Technology 
Centre,, Epinal Way, Loughborough, Leics., LEU 3GE, UK. 
Zwickk GmbH & Co, August-Nagel-strasse 11, Ulm, 
D-89079,, Germany. 
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Eenn model geeft een sterk vereenvoudigde vorm weer, die slechts in enkele 
geselecteerdee aspecten de werkelijkheid weerspiegelt (Swanborn 1987). Een 
modell is daarom noch juist noch onjuist, het is alleen meer of minder 
bruikbaarr (dit proefschrift). 

Eenn composiet met een lage krimpspanning is niet per definitie een goed 
tandheelkundigg composiet (dit proefschrift). 

Vann alle factoren voor een beheersbare krimpspanningsontwikkeling in 
hedendaagsee tandheelkundig composiet blijft vloei de belangrijkste (dit 
proefschrift). . 

Eenn bureaucratische organisatie kan in eerste benadering beschreven worden 
mett het Keivin model. Hierin wordt een directe of snelle operatie, 
vertegenwoordigdd door de veer, tegengewerkt door de inwendige wrijving en 
energiedissipatie,, vertegenwoordigd door de schokdemper parallel aan de veer. 

Niet-metallischee materialen vervangen meer en meer metalen in de alledaagse 
restoratievee tandheelkunde. Vastgesteld kan worden dat tenminste één metaal, 
goud,, nooit vervangen zal worden door één van deze niet-metallische 
materialenn ongeacht hoe goed het materiaalgedrag hiervan zal zijn. 

Mett grote regelmaat circuleren er berichten over verliezen, corruptie, 
agressievee passagiers, belaagde conducteurs, ongelukken met de sneltram, 
lijnenn die uitvallen. Maar het GVB is gewoon een afspiegeling van de 
maatschapij. . 

Tegenwoordigg is in de file staan niet meer zo erg, want je weet vrijwel zeker 
datt reizigers met het openbaar vervoer nog later thuis zijn. 

*NSS zet bussen in' doet denken aan 'Oranje wordt kampioen'. Zolang er niet 
bijj gezegd wordt wanneer kun je er beter niet op rekenen. 

Dee beursgang van World Online heeft aangetoond dat handel in aandelen 
dientt te vallen onder de wet op de kansspelen. 

Dieett is meestal 'die eet niet' 

Alss Argentinië slechts een klein gedeelte van haar passie voor het voetbalspel 
zouu kunnen vertalen in een stijging van de productiviteit zou dit een 
megasprongg in de economische vooruitgang van dit land kunnen betekenen. 

Aann het gezicht van de meeste joggers kun je zien dat wat ze doen niet goed 
voorr ze is. 
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