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I. Introduction 

 

Computer-aided design/computer-aided manufacturing (CAD/CAM) systems have 

been widely used in dentistry [1-3] since the first dental CAD/CAM restoration was 

introduced in the 1980s [4, 5]. Among CAD/CAM materials, CAD/CAM resin 

composites have promising clinical performance [6, 7], esthetic appearance [8], uniform 

quality [9], and machinability [6, 10]. CAD/CAM resin composites consist of a matrix 

resin and inorganic fillers treated with a saline coupling agent [11-13]. The matrix resin 

forms the basis of the composite structure and comprises organized methacrylate-derived 

polymers such as urethane dimethacrylate (UDMA), bisphenol A-glycidyl methacrylate 

(Bis-GMA), or triethylene glycol dimethacrylate (TEGDMA) [12]. Inorganic fillers, 

commonly made of silica, zirconia, and alumina, can be used to reinforce the composite 

structure because of their high mechanical properties [14-16]. For CAD/CAM resin 

composites, 0.1 μm or smaller nano-fillers of chemically stable inorganic materials are 

often used to improve the mechanical properties and provide polishability for a smooth 

surface [17-21]. Because inorganic fillers are chemically stable, a surface modification 

using silane coupling agents is required to adhere the fillers to an organic matrix resin 

[22-24]. Gamma-methacryloyloxypropyl trimethoxysilane (-MPTS) is a typical silane 
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coupling agent that forms a 1.9–3.0 nm thick layer between fillers and the matrix resin 

[25, 26]. CAD/CAM resin composites are manufactured with the components described 

above under high temperature and high-pressure polymerization to enhance the 

mechanical properties via an increase in density and degree of crosslinking [21, 27]. 

However, resin composites are susceptible to degradation by water absorption. Since 

the matrix resin is an ester form derived from methacrylate [28, 29], degradation of the 

methacrylate group via hydrolysis of the ester bonds occurs when water is absorbed [30, 

31]. Additionally, water ingress leads to hydrolytic breakdown of the bond between the 

silane and filler particles [32, 33]. This water-induced degradation negatively impacts the 

restoration longevity and mechanical properties [11, 32-35]. While these degradations 

have been reported qualitatively, quantitative details have not yet been revealed, 

especially in silane coupling layers, because arbitral control of the silane coupling ratio 

of the filler is not possible with conventional in vitro tests. 

Rigorous mathematical theories of homogenization have been proposed for 

quantitative analysis of the composite materials [36-38]. These theories assumed that the 

material properties are periodic functions of the micro-scale variables, where the period 

is very small compared with the macro-scale variables. With this assumption, equivalent 

material properties in the macro-scale dimension can be calculated from known or arbitral 
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micro-scale properties. This approach was recently applied to the analysis of more 

complex structured materials, including micro-structured materials, such as porous 

ceramics [39] and titanium [40], and also nano-structured polymer composites [41-44] in 

silico. In dentistry, in silico homogenization analysis has been used to investigate 

multifactorial issues such as the effect of the nano-filler particle diameter on the physical 

properties of CAD/CAM resin composites [45], the effect of different designs and 

materials of the endocrown on the stress distribution and failure probability [46], and the 

influence of resorption cavities on the mechanical properties and load distribution in 

cortical bone after implant placement [47]. 

A modeling procedure of in silico homogenization analysis is required for its practical 

use. Digital image-based modeling is employed because the procedure for a complex 

three-dimensional structure of heterogeneous materials, such as composite materials, is 

burdensome. The first proposal was attempted in the biomechanical area to model the 

porous microstructure of human bone [48, 49]. Applications for digital imaging by a flat-

bed scanner or micro computed tomography (CT) were reported for the study of concrete 

[50], porous ceramic [39], titanium [40], and composite materials [51]. Furthermore, 

modeling by cryo-electron microscopy has been introduced to capture a nano-scale 

structure such as a nano-filler composite.  
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In vitro high-resolution imaging enables the analysis of a nano-scale structure, which 

produces an accurate model reflecting morphological compositions. In silico 

homogenization allows arbitral control of the properties, which enables identification of 

the main factor of physio-mechanical issues at the macro-scale. Therefore, the 

combination of in vitro and in silico approaches may enable quantitative investigation of 

the degradation of CAD/CAM resin composites by water absorption.  

The aim of this study was to quantitatively evaluate how water absorption of the 

CAD/CAM resin composites affect the matrix resin and silane coupling layer using in 

vitro high-resolution imaging and in silico homogenization. 
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II. Investigation on the influence of water absorption on the 

bulk block and matrix resin 

 

1. Purpose 

The aim of this chapter was to investigate the influence of water absorption on a 

CAD/CAM resin composite bulk block and an experimental matrix block (EMB) by 

water immersion. A water sorption test and in vitro/in silico three-point bending test were 

conducted. In silico homogenization analysis with a simplified model was also conducted 

to reassess the three-point bending test results. 

 

2. Materials and methods 

1) Materials used 

Katana Avencia P block (Kuraray Noritake Dental, Tokyo, Japan; KAP) and EMB 

(Kuraray Noritake Dental) were used (Table 1). EMB was made only of a matrix resin 

that consisted of urethane dimethacrylate (UDMA) and triethylene glycol 

dimethacrylate (TEGDMA), and was manufactured at the same temperature and 

pressure as KAP, excluding fillers (Figure 1). 
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2) Water sorption test 

A water sorption test was conducted to confirm the water-absorbing property of 

KAP and EMB. The test was conducted according to ISO 4049:2019 [52]. Disk 

shaped specimens of KAP and EMB (φ14 × 1 mm) were fabricated. The specimens 

(n = 10 for each material) were alternately dried at 37°C for 22 hours and 22°C for 2 

hours in a vacuum chamber until the weight converged as required in the ISO 

4049:2019 drying protocol. After the initial dry, the specimens were immersed in 

distilled water for seven days at 37°C. The specimens were then dried again by the 

step described above. The water sorption (Wsp) value was determined by Formula 

(1): 

 

 

 

(1) 

 

where M1 is the weight of the specimen after immersion (μg), M2 is the weight of 

the specimen after re-dry (μg), and V is the volume of the specimen (mm3).  

 

3) Three-point bending test 

𝑊𝑠𝑝 (𝜇𝑔/𝑚𝑚3) =  
𝑀1 − 𝑀2

𝑉
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A three-point bending test was conducted to evaluate the reduction of the elastic 

modulus before and after immersion for KAP and EMB. The blocks were sliced 

with a low speed precision cutter (IsoMet, Buehler, Illinois, USA) to 14 × 4.0 × 1.2 

mm according to Japan Dental Materials Association Standards (JDMAS) 245:2017 

specifications. Ten specimens were left untreated as the before-immersion group, 

and another ten specimens were stored in distilled water for seven days at 37°C as 

the after-immersion group. A three-point bending test was conducted using a 

universal testing machine (EZ-SX, Shimadzu, Kyoto, Japan). The maximum load 

was 500 N and the crosshead speed was 1 mm/min. The in vitro load–displacement 

curves were obtained and the flexural strain (δ) was calculated by Formula (2): 

 

 
δ =  

6𝐷𝑑

𝐿2
 

(2) 

 

where D is the maximum deflection of the center of the beam (mm), d is the 

thickness of the tested beam (mm), and L is the support span (mm). 

The flexural strains of the before- and after-immersion groups were analyzed by 

a Student’s t-test with a level of statistical significance of α = 0.05 using statistical 

analysis software (IBM SPSS Statistics 24, IBM, New York, USA). 
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The in silico non-linear finite element analysis (NLFEA) method was employed 

for evaluating the elastic modulus of the materials. The three-point bending test 

environment was simulated with NLFEA software (LS-DYNA, Ansys, 

Pennsylvania, USA). The simulation parameters were flexural strain, density, and 

arbitral elastic modulus. The flexural strain was taken from the result of the in vitro 

three-point bending test. The density was calculated directly by dividing the weight 

of the specimen measured using a precision digital weighing scale (GR-120, A&D, 

Tokyo, Japan) with the volume of the specimen estimated by micro-CT (R_mCT2, 

Rigaku, Tokyo, Japan). An in silico three-point bending analysis was repeatedly 

conducted by changing the elastic modulus. When the root mean squared error of 

load in the in vitro and in silico load–displacement curve was less than 1 N, the 

arbitral elastic modulus was determined as a true elastic modulus of the material 

(Figure 2). 

 

4) In silico homogenization analysis 

In silico homogenization analysis was used to determine whether the factor for 

degrading the elastic modulus of the bulk block was the matrix resin or not. For this 

test, the in silico model of KAP (KAP model) was composed in a voxel-based FEA 



9 
 

software (VOXELCON2015, Quint, Tokyo, Japan). The parameters were based on 

reported values: the filler size was 38.6 nm, the elastic modulus of the filler was 70 

GPa, and the thickness of the silane coupling layer was 2 nm [21, 25, 26, 53]. The 

elastic modulus of the matrix resin area was set according to the result of the three-

point bending test of EMB. The properties and shape of the KAP model are shown 

in Table 2 and Figure 3. The elastic moduli of the KAP model were calculated as 

before- and after-immersion according to the elastic modulus of EMB in the 

corresponding condition. The elastic moduli of the model were compared with the 

KAP result to determine whether the elastic modulus was reduced by water 

immersion. 

 

3. Results 

1) Value for water absorption 

The water absorption values for KAP and EMB were 0.0183 g/mm3 and 0.0363 

g/mm3, respectively.  

 

2) Elastic modulus and flexural strain 

The load–displacement curves of the in vitro and in silico three-point bending tests 
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are shown in Figure 4. The elastic modulus of KAP was 13 GPa in the before-

immersion group, and was 12 GPa in the after-immersion group. During water 

immersion, the elastic modulus decreased by 1 GPa over seven days of water 

immersion. The elastic modulus of the EMB decreased 0.3 GPa over the same time, 

from 3 GPa in the before-immersion group to 2.7 GPa in the after-immersion group. 

The flexural strain of KAP was 0.024±0.0024 in the before-immersion group, and 

was 0.025±0.0027 in the after-immersion group. The flexural strain of EMB was 

0.12±0.022 in the before-immersion group, and was 0.12± 0.012 in the after-

immersion group. For both KAP and EMB, the flexural strain before and after water 

immersion was not significantly different (p > 0.05). 

 

3) Elastic modulus in the in silico model 

The in silico analysis employing the KAP model showed an inconsistent trend in 

the reduction of the elastic modulus with water immersion with the KAP block. The 

elastic modulus of the KAP model in the before-immersion condition was the same 

as the KAP block of 13 GPa and the elastic modulus of the KAP model in the after-

immersion condition was 12.7 GPa.  
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4. Summary 

KAP and EMB showed a water-absorbing feature and the elastic moduli of both 

blocks decreased with water absorption. Since EMB was manufactured in the same 

scheme as the matrix resin area of KAP, one of the reasons to induce performance 

deterioration of the CAD/CAM resin composites by water absorption was degradation 

of the matrix resin. However, in silico homogenization analysis showed that the elastic 

modulus change of the KAP model was less than that of the KAP block. As a result, the 

matrix resin and other factors contribute to reducing the elastic modulus of CAD/CAM 

resin composites. 
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III. Verification of the physicochemical change of the silane 

coupling layer by water immersion 

 

1. Purpose 

In this chapter, the morphological change of the surface of the CAD/CAM resin 

composites after water immersion was observed by scanning probe microscopy (SPM). 

The increase in the number of hydroxyl groups in the silane coupling layer with water 

immersion was evaluated by X-ray photoelectron spectroscopy (XPS). In addition, the 

relationship between the silane coupling ratio and elastic modulus of the CAD/CAM resin 

composites was investigated by an in silico homogenization method to verify how the 

degradation of the silane coupling layer affected the bulk block. 

 

2. Materials and methods 

1) Material used 

The Katana Avencia block (Kuraray Noritake Dental; KAB) was used. The 

composition of the KAB is shown in Table 3.  

 

2) Nano-scale observation of the surface morphological change 
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For nano-scale observation by SPM, two specimen bars from the KAB (7.0 × 4.0 × 

1.2 mm) were sliced with a low speed precision cutter (IsoMet). The specimens were 

then polished using #1000 and #2000 SiC paper, followed by #4000 alumina-

containing abrasive emulsion. One specimen was used a control without treatment, 

and the other specimen was immersed in distilled water for seven days at 37°C. The 

specimens were observed by a scanning probe microscope (SPM-9700HT, Shimadzu) 

using the lateral force microscopy (LFM) mode. The observed surface areas of the 

specimen were 500 × 500 nm. The generated surface friction signals were stored as 

256 × 256 pixel images, where the pixels of a high friction signal area were an indicator 

of the degraded region. 

 

3) Investigation of the amount of hydrolysis of the silane coupling layer 

Hydrolysis is a chemical reaction in which a molecule of water ruptures the chemical 

bonds, producing a hydroxyl group. Therefore, focusing on the hydroxyl group is a 

reasonable method to evaluate the hydrolysis. XPS and a chemical labeling technique 

were used to evaluate the amount of hydroxyl groups [54-56]. Fluoride was used 

because of its sensitivity to XPS. The binding energy of the electron in 1s orbital of 

Fluoride (F1s) was observed to confirm changes in the hydroxyl group.  
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A KAB block was sliced to a size of 7.0 × 4.0 × 1.2 mm with a low speed precision 

cutter (IsoMet). Five specimens were allocated to the before-immersion group (control, 

no treatment) and after-immersion group where the specimens were immersed in 

distilled water for seven days at 37°C. The specimens of both groups were subject to 

a decontamination process by boiling in a 5 w/w% sodium peroxodisulfate (N2O2O8) 

solution for 15 minutes, followed by ultrasonic rinsing with 70% ethanol. 

1H,1H,2H,2H-perfluorooctyldimethylchlorosilane (C10H10ClF13Si, FUJIFILM Wako 

chemicals, Osaka, Japan; PFODMCS) was used for fluoride labeling (Figure 5). 

Specimens were treated with a 5% PFODMCS solution in 99% ethanol for two hours 

at 60°C. The effectiveness of the fluoride-labeling process was determined by energy-

dispersive X-ray spectroscopy (EDX). An XPS (JPS-9010, JEOL, Tokyo, Japan) 

investigation was used to evaluate the amount of fluoride with the atomic percentage 

of the F1s.  

The atomic percentage of F1s in the before- and after-immersion specimens were 

analyzed by a Student’s t-test with a level of statistical significance of α = 0.05 using 

a statistical analysis software (IBM SPSS Statistics 24). 
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4) In silico homogenization analysis 

The nanoscale CAD/CAM resin composite model was designed with 3D CAD 

software (SolidWorks 2011, Dassault Systèmes SolidWorks, Vélizy-Villacoublay, 

France). In a matrix cube of 90 nm, 12 spherical fillers with a diameter of 40 nm were 

placed regularly (Figure 6). The thickness of the silane coupling layer was defined as 

2 nm, which ensured the minimum thickness of a voxel (1 nm) and reflected the 

theoretical silane chain length [57]. The elastic moduli of the components and volume 

ratios are shown in Table 4. To simulate different silane coupling ratios, seven different 

layers of 0-elastic modulus that represent uncoupled layers were arranged (Table 5, 

Figure 7). The nanoscale model and uncoupled layers were combined, and the elastic 

moduli were calculated by homogenization analysis in voxel-based FEA software 

(VOXELCON2015). 

 

3. Results 

1)  Nano-scale surface morphology change 

Figure 8 shows the nano-scale surface morphology of the specimens observed by 

SPM. The degraded areas are represented as a black region (black arrows). There was 

more degraded area in the after-immersion group than the before-immersion group. 
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The filler outline was clearly observed in Figure 8b and not in Figure 8a. 

 

2) Amount of hydrolysis of the silane coupling layer 

To verify the amount of hydrolysis, PFODMCS was used to label the hydroxyl 

groups in the CAD/CAM resin composites as a fluoride marker and EDX was 

performed. As shown in Figure 9, pale yellow dots represent the fluoride atom location. 

Since the fluoride atoms were settled near the fillers where the silane coupling agent 

was covered, the labeling process was successfully achieved.  

The XPS F1s peak at 692 eV representing PFODMCS attached to the hydroxyl 

group is shown in Figure 10. The atomic percentage of F1s in the after-immersion 

group was 14.31%, which was significantly greater than that in the before-immersion 

group (11.52%), suggesting that the hydrolysis of the silane coupling layer occurred 

during water immersion (Figure 11). 

 

3) Silane coupling ratio and corresponding elastic modulus 

The silane coupling ratios and corresponding elastic moduli from in silico 

homogenization analysis are shown in Table 6. The elastic modulus of the bulk model 

non-linearly decreased as the silane coupling ratio decreased.  
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4. Summary 

The SPM investigation revealed more degraded area in the specimen of the after-

immersion group than the before-immersion group. Since the only difference in 

condition was the immersion, the water immersion degraded the matrix resin and the 

silane coupling layer. Moreover, the F1s peak in the XPS spectra and the greater atomic 

percentage in the after-immersion group than the before-immersion group suggests that 

hydrolysis in the silane coupling layer proceeded during water immersion.  

In silico homogenization analysis showed that a decrease in the elastic modulus occurred 

in conjunction with a decrease in the silane coupling ratio. When this result is combined 

with the SPM and XPS results, it can be deduced that water immersion may cause reduction 

of the elastic modulus of the bulk block by impairment of the silane coupling layer as well 

as the matrix resin.  
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IV. Prediction of the amount of degradation of the silane 

coupling layer in CAD/CAM resin composite blocks 

 

1. Purpose 

This chapter was used to build CAD/CAM resin composite models that reflected the 

shape of the filler. The amount of hydrolysis of the silane coupling layer by water 

absorption was calculated with the resulting model.  

 

2. Materials and methods 

1) Materials used 

The Katana Avencia block (Kuraray Noritake Dental; KAB) described in Chapter 

III and the experimental matrix block (EMB) described in Chapter II were used.  

 

2) Three-point bending test 

A three-point bending test was conducted to evaluate the reduction of the elastic 

modulus before and after immersion for KAB and EMB. The specimen preparation 

and evaluation of the elastic moduli were conducted as described in Chapter II. 
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3) Reconstruction of the nano-scale model to reflect the filler shape 

Images of KAB were acquired using scanning electron microscopy/focused ion 

beam (Quanta™ 3D FEG, FEI, Eindhoven, The Netherlands) with a cryo preparation 

system (PP-3000T, Quorum Technology, East Sussex, United Kingdom) at semi-

cryogenic temperature of −130°C. The inspection region was 1.8 × 1.4 × 1.2 μm, and 

213 images were obtained. The pixel resolution was 2.9 nm and the slice thickness was 

5.8 nm. These images were saved in an uncompressed tagged image file format (TIFF) 

as an image stack (Figure 12).  

The saved image stack was pre-processed to enhance the filler margin, to reduce 

noise, and remove artifacts by image process software (ImageJ, National Institute of 

Health, Bethesda, Maryland, USA). The fillers and matrix resin in the images were 

separated by setting a threshold for binarization. The threshold value was defined such 

that the volume ratio of fillers satisfied the product specification of  KAB. Then, each 

filler in the binary-colored images were segmented using the Watershed algorithm 

because the fillers were aggregated for the xy-plane, yz-plane, and zx-plane. Sharp 

edges of the segmented fillers were smoothed using the Remove Outliers algorithm to 

produce naturally rounded edges (Figure 13). The pre-processed image stack was 

saved as topography of the fillers.  
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A three-dimensional model of KAB was reconstructed in voxel-based FEA 

software (VOXELCON2015) by importing the topography of the fillers into a 

rectangular volume of the matrix (Figure 14). Five sub-models of a 100 nm cube were 

extracted randomly from the original three-dimensional model for calculation because 

of computational power limitations, and the silane space was applied around the fillers 

using a Dilate algorithm (Figure 15).  

 

4) Prediction of the coupling ratio  

Eleven coupling ratios (100, 95, 90, 85, 80, 75, 70, 65, 60, 55, 50%) of the silane 

coupling layer and the corresponding elastic moduli were calculated with the voxel-

based FEA software (VOXELCON2015).  

To determine the coupling ratio, in silico homogenization analysis was conducted 

with sub-models of a 100 nm cube in three steps. First, the elastic modulus of a sub-

model (EMmodel) was calculated with elastic modulus of the matrix (EMmatrix), filler 

(EMfiller), and arbitral elastic modulus of the silane coupling layer (arbEMsilane) in the 

voxel-based FEA software. Second, if EMmodel and the elastic modulus of (EMblock) 

were the same, arbEMsilane was considered a true elastic modulus of the silane coupling 

layer (EMsilane) and proceeded to the third sequence. Otherwise, arbEMsilane was 
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updated and the first step was repeated. Third, the coupling ratio was determined with 

EMsilane using the elastic modulus and coupling ratio of the silane coupling layer 

relation described above.  

 

3. Results 

1) Elastic modulus 

The load–displacement curves of the in vitro and in silico three-point bending tests 

are shown in Figure 16. The elastic modulus of KAB was 8.2 GPa and 6.9 GPa for the 

before- and after-immersion groups, respectively. The elastic modulus of EMB is 

referred to in Chapter II (Table 7). 

 

2) Nano-scale model 

The generated sub-models had irregularly shaped fillers. Within the sub-models, 

the volume ratio of the filler was 55.12 ± 0.271%. The elastic modulus was 11.01 ± 

0.345 GPa when the silane coupling was assumed to be fully accomplished. 

 

3) Predicted coupling ratio  

The coupling ratios and corresponding elastic moduli of the silane coupling layers 
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are summarized in Table 8. The unknown coupling ratio for a particular elastic 

modulus was interpolated using the relation between the coupling ratio and elastic 

modulus. Using repetitive calculation, the elastic modulus of the silane coupling layer 

was determined to be 1.16 ± 0.05 GPa for the before-immersion condition. For this 

elastic modulus, the coupling ratio was predicted to be 78.2 ± 1.64%. For the after-

immersion condition, the elastic modulus of the silane coupling layer was determined 

to be 0.92 ± 0.04 GPa, corresponding to 68.4 ± 0.89% of the coupling ratio (Table 9). 

 

4. Summary 

A model of the CAD/CAM resin composites reflecting the nano-filler shape was 

successfully developed using cryo-electron microscopy, which was not possible by 

conventional imaging techniques. In silico homogenization analysis revealed that the 

elastic modulus of the CAD/CAM resin composites under 100% silane coupled 

conditions was 11.01 GPa, while the elastic modulus of KAB of the before-immersion 

group was 8.2 GPa. These results suggest that 100% silane coupling in KAB was not 

obtained in the manufacturing process. Additionally, the silane coupling ratio of KAB 

decreased by 9.8% after seven days of water immersion.  
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V. Discussion 

 

This study was performed to clarify how water absorption of the CAD/CAM resin 

composites quantitatively affect the matrix resin and silane coupling layer, especially the 

reduction of the silane coupling ratio. The silane coupling layer is a critical component to 

the CAD/CAM resin composites because it determines the physio–mechanical properties. 

Since CAD/CAM resin composites are materials typically used in humid conditions, 

quantitative clarification of the change in those conditions is important. Previous studies 

have qualitatively revealed the degradation aspect of the CAD/CAM resin composites by 

water absorption. However, the quantitative details have not been fully revealed, 

especially regarding the silane coupling layer, because of experimental limitations of 

nano-scale manipulation. Thus, an attempt at combining an in vitro high-resolution 

technique and in silico homogenization analysis was used to demonstrate the intact silane 

coupling ratio. 

In Chapter II, KAP showed a water-absorbing feature, suggesting water is incorporated 

into the matrix resin. Water absorption is described by a dual-mode theory, which 

considers that absorbed water molecules have two natures [58]. One is held by ordinary 

molecular dissolution in the matrix resin and the other is physically trapped in polymer 
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micro-voids. The absorbed water is molecularly dispersed into the matrix resin and acts 

as a plasticizer, causing swelling of the polymer. The quantity of this absorbed water 

depends on the equilibrium volume, physicochemical affinity to the polymer, and the 

resistance of polymer chains to swelling deformation stress. This water serves as a proton 

donor and causes chemical reaction with the matrix resin or silane coupling agents. 

Alternatively, the water molecules that are accommodated in micro-voids are formed of 

hydrogen bonds, acting as filler particles. These water molecules increase the elastic 

modulus of the bulk block after water absorption [59, 60]. In this study, water molecules 

function as a proton donor rather than as a filler, reducing the elastic modulus. 

For cured UDMA, which is the main matrix resin materials of KAP, the time to reach 

sorption is six days [61]. Since the duration of water immersion was seven days in this 

experiment, water was considered to be sufficiently incorporated into the matrix resin. 

Water uptake into the CAD/CAM resin composites causes extraction of the unreacted 

components and the degradation process, including hydrolysis of the components 

contacting water molecules [62]. For the matrix resin, hydrolysis occurs at the resin ester 

bonds, resulting in degradation of the matrix resin and release of the degradation products 

[30]. Even KAP is manufactured at a high temperature and pressure to suppress voids and 

unreacted monomers, the polymerization process is never complete and unreacted 
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monomers can remain in the composites [63]. Thus, the matrix resin of KAP is not robust 

to water. 

The in silico analysis of Chapter II indicates factors other than the matrix resin can 

reduce the elastic modulus of the bulk block by water absorption. For instance, 

degradation of the silane coupling layers is considered an important factor. Water 

molecules likely enter silane-treated layers and gradually hydrolyze siloxane bonding 

between fillers and water molecules, hydrating the resultant hydroxysilyl group [24, 64, 

65]. There are several approaches to improve the coupling ability using novel silane 

coupling agents and silanation processes. The hydrolytic instability of the silane coupling 

agent is still complicated, reducing the flexural properties [66].  

The model used in Chapter II was assumed to have spherical fillers. Although the filler 

shape of KAP is described as a spherical nanofiller according to the manufacturer’s 

specification, the geometry of the fillers was verified as a clustered irregular shape by 

SEM. A limitation of this in silico homogenization analysis in Chapter II was that the 

filler shape was spherical, which is not fully reflected even if the shapes of the fillers 

affect the mechanical properties of the bulk block [67]. However, the reduction in the 

elastic modulus of the condition after immersion was different than that observed from 

the three-point bending test results.  
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SPM and XPS are versatile tools for the study of the surface nano-morphology and 

chemical state [56, 68, 69]. SPM has been used to investigate the nanomechanical 

characterization of materials [69, 70]. Among the SPM techniques, LFM is used to 

measure the lateral torsion of the cantilever during scanning motion. Since the torsion 

reflects the frictional properties of a surface, intact or brittle areas on the sample surface 

can be detected with nanometer resolution [69, 71]. However, environmental noise and 

external disturbance are likely to cause probe vibration, which affects the imaging quality 

[72]. The blurry SPM images of Chapter III are attributed to such probe vibration. 

However, the intact area, including fillers and degraded area, were distinguishable and 

the surface properties of the specimens before and after water immersion were observed. 

There was more degraded area in the after-immersion group than the before-immersion 

group, whereas the fillers in the after-immersion group were clearer than the before-

immersion group because of degradation to the matrix resin and silane coupling layer 

during water immersion.  

The change in XPS F1s atomic percentage showed a change in the amount of hydroxyl 

groups, which was an indicator of hydrolysis. Although XPS analysis can be used to 

qualitatively assess the target atom [54, 73, 74], hydroxyl groups developed on the silane 

coupling layer as well as the surface of the fillers. Therefore, assessing the absolute 
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amount of the hydrolyzed silane coupling layer was impractical. However, considering 

the fact that silica filler is chemically stable in water, it can be assumed that the amount 

of hydroxyl groups on the silica filler was constant. The XPS analysis results can be 

considered valid even if the absolute amount of hydrolysis cannot be estimated.  

The elastic modulus of the 75.5% silane coupling model decreased to 16.8% compared 

with that of the 100% silane coupling model. This result supports the fact that excessive 

water uptake may decrease the elastic modulus for resin composites further [13] because 

of hydrolytic degradation [63]. The decrease in elastic modulus may induce debonding of 

the CAD/CAM resin composite prosthetics by deformation of the margin [75]. 

In Chapter IV, the CAD/CAM resin composites were scanned using cryo-electron 

microscopy to obtain three-dimensional reconstructions. A high-resolution and non-

destructive method was required to design a model to thoroughly reflect the size and 

shape of fillers with a mean size of a few nanometers. The advantages of cryo-electron 

microscopy are the non-destructive determination of the internal structure from 

nanometer scale electron density differences [76] compared with micro-CT that only has 

micro-scale resolution and focused ion beam/SEM that can deform the material [77]. 

When investigating CAD/CAM resin composites by cryo-electron microscopy, image 

processing and segmentation algorithms were necessary.  
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Since all of the mechanical properties of each component in the in silico nano-scale 

model could not be evaluated individually, the general parameters were based on a similar 

study [45] that was used to determine the elastic modulus of models. In the previous study, 

the effects of the nano-filler particle diameter on the elastic modulus of the CAD/CAM 

resin composites were investigated. The results suggest that smaller filler particles 

increased the elastic modulus. In this study, the elastic moduli of the 100-nm sub-models 

were not proportional to the filler content. Since the size of the nano-fillers in each sub-

model were not constant, the models with smaller fillers resulted in a higher elastic 

modulus. Additionally, even if the diameter of the fillers are the same, the mechanical 

properties of the bulk block varies by the filler shape [78-82]. Although a direct 

comparison between the filler shape and elastic modulus was not conducted in this study, 

a disproportional trend between the elastic modulus and filler content indicated that the 

elastic modulus of the bulk block was not related only to the filler content, suggesting a 

coincidence with the previous study [83]. 

The coupling ratio of KAB in the before-immersion condition was predicted to be 

78.2%, which suggests that silane coupling was not completely achieved even in the 

manufacturing process. A silane coupling agent consists of an organofunctional group, 

alkoxy group, and linker group [57]. To adhere inorganic substrates, a alkoxy group 
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should be activated by acid to form a silanol [24, 84]. This activation process is affected 

by the bulkiness of the alkoxy group [85], concentration, pH [86], temperature [87], 

humidity, and solvent system [88].  

The reaction between the organofunctional group and matrix resin is induced by the 

reactive free radicals generated by the initiator in the matrix resin [89]. Since the coupling 

ratio is affected by the silane agent activation and radical reaction, inactivated alkoxy 

groups and unreacted free radicals induce the collapse of the coupling ratio. Various 

efforts have been used to improve the coupling ratio. To enhance activation of the silane 

coupling agent, the concentration of the silane coupling agent, heat applied during 

silanation, and pH of the silanation vehicle have been regulated [57, 66]. Surface 

treatment of the inorganic fillers by pyrochemical coating [90] or hydrofluoric acid 

treatment [91] have been used to increase the reaction between the filler and silanol group. 

To improve the bonding between the organofunctional group and matrix resin, 

stabilization of the radicals by temperature adjustments have been attempted [92, 93]. 

However, determining the optimum silane condition for a specific system is extremely 

difficult because silane performance is affected by several factors, including surface 

energy, acid-base interaction, interpenetrating network formation, and covalent reaction 

[92, 94, 95]. 
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After seven days of immersion of the KAB in water, the silane coupling ratio reduced 

to 68.4%, suggesting that 9.8% of the silane coupling layer was hydrolyzed. The alkoxy 

group of silane changed to a silanol group by activation, which generates a covalent bond 

or hydrogen bond on the surface of inorganic fillers [24]. The covalent bonds between the 

alkoxy group and inorganic filler provide stabilization at the organic/inorganic interface 

[95]. However, interfacial hydrogen bonds under humid environments break [94]. 

Furthermore, the organofunctional group of silane is bonded with the matrix resin, 

generating ester bonds, which are hydrolyzable [30]. To overcome this aspect, hydrolytic 

durable coupling agents have been developed by modifying the siloxane structure into 

hydrophobic polyfluoroalkyltrimethoxysilanes [96] or by elongating the linker group 

structure of the silane agent [97].  

After seven days of immersion in water, the elastic modulus of the bulk block of KAB 

decreased from 8.2 GPa to 6.9 GPa. The elastic modulus of the matrix resin decreased 

from 3.0 GPa to 2.7 GPa. The coupling ratio decreased from 78.2% to 68.4%. The 

reduction of the chemico–mechanical values for each component showed similar 

tendency as the bulk block. However, after seven days, the overall mechanical properties 

may reduce even non-linearly [98]. Therefore, long-term change of the silane coupling 

ratio should be further investigated. 
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VI. Conclusion 

 

In this study, water absorption of the CAD/CAM resin composites resulted in reduction 

of the elastic modulus of the matrix resin and hydrolysis of the silane coupling layer. 

Regarding the matrix resin, degradation in the elastic modulus was estimated during water 

immersion using in vitro and in silico three-point bending tests. Furthermore, hydrolysis 

of the silane coupling layer during water immersion was verified as the main cause for 

reduction of the elastic modulus of CAD/CAM resin composites. The in vitro and in silico 

approaches established in this study were able to predict the silane coupling ratio of 

CAD/CAM resin composites, clearly demonstrating its decrease by water absorption. 
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Table 2. Properties of the KAP model for in silico homogenization analysis 

 

Filler size 38.6 nm 

Elastic modulus of filler 70 GPa 

Filler volume 61% 

Silane coupling layer thickness 2 nm 
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Table 4. Material properties of in silico homogenization model  

 

 Elastic modulus (GPa) Volume ratio (%) 

Filler 72 55.16 

Matrix 2 44.84 
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Table 7. Elastic moduli (GPa) of KAB and EMB before and after immersion. 

 

 Before immersion After immersion 

KAB 8.2 6.9 

EMB 3 2.7 
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Figure 1. Experimental block (EMB) made only of resin matrix. 

The size of the block is 18 × 15 × 15 mm. 
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Figure 2. Scheme for determining the true elastic modulus. 
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Figure 3. KAP model for the in silico homogenization analysis. 

The size of the model is 80 × 80 × 80 nm. 
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Figure 6. Nano-scale model for the in silico homogenization analysis.  

The size of the model is 90 × 90 × 90 nm. 
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Figure 8. SPM images of KAB (a) before immersion and (b) after immersion. 

Red arrows indicate fillers, brown arrows indicate the matrix and silane coupling layer, 

and black arrows indicate the degraded area. 

  

  (a)   (b) 

100 nm 100 nm 
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Figure 9. (a) EDX image of fluoride-labeled KAB specimen and (b) 5× magnified image 

of the square area in (a). Pale yellow dots represented the location of fluoride atoms.  

(a) 

(b) 
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Figure 10. XPS of fluoride-labeled KAB. 

(a) before immersion and (b) after immersion. 
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Figure 12. Image stack of cryo-electron microscopy. 

The red number indicates voxel coordinates in unit of pixels. 
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Figure 14. Three dimensional KAB model.  

The size of the model is 1.8 × 1.4 × 1.2 m.  
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Figure 15. 100-nm cubic submodel of KAB. 
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