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Introduction

Dental resin composites are widely used as restorative 
materials because they are esthetically pleasing and rela-
tively easy to handle in restorative treatment. For clini-
cians, the use of a composite with a specific consistency in 
restorative treatment is attractive because the viscosity 
affects the application and manipulation of the material. 
Flowable composites are characterized by low modulus of 
elasticity, low viscosity, and high wettability of the tooth 
structure.1,2 Accordingly, in clinical situations, flowable 
composites have been reported to adapt well to the cavity 
wall owing to their low viscosity.3,4 Furthermore, the 
strength of composites in the oral environment as well as 
the handling characteristics of composites in restorative 
procedures is important. Various strengths of flowable 
composites have been evaluated by different mechanical 
testing techniques.5–7 For example, Tjandrawinata et al.8 
evaluated the flexural properties of eight flowable light-
cured restorative materials and compared them with two 
conventional restorative materials. They reported that the 
modulus of resilience value of the flowable composites 
was higher than that of the conventional composites. 
Similarly, Ilie and Hickel9 compared the mechanical 

properties, such as flexural strength, compressive strength, 
and diametral tensile strength, of 72 commercially availa-
ble restorative composites including flowable composites. 
They reported that a good correlation was only found 
between the flexural strength and flexural modulus, which 
was also correlated with the filler volume, whereas com-
pressive strength and diametral tensile strength were less 
sensitive. Strength is the maximum stress required to frac-
ture a structure or material. It is called flexural strength, 
compressive strength, or diametral tensile strength depend-
ing on the predominant type of stress present. Generally, 
the high compressive strength of resin composites does not 
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imply high tensile strength, reflecting the somewhat brittle 
nature of resin composites. Thus, the measurement of the 
tensile strength of brittle materials, such as resin compos-
ites, is extremely difficult.

To determine the mechanical properties, indentation 
hardness tests are the most commonly used non-destructive 
testing procedures in the metal industry and in research 
because they provide an easy, inexpensive, and reliable 
method to evaluate the basic properties of developed or 
new materials.10,11 The indentation hardness of materials is 
measured in several ways by forcing an indenter with a 
specific geometry, such as a ball, cone, or pyramid, into the 
specimen’s surface. In general, there are two methods used 
to measure the indentation hardness. The conventional 
procedure for testing hardness consists of applying a fixed 
load on a diamond indenter and measuring, with the aid of 
optical microscopy, the dimensions of the resultant inden-
tation on the surface of the test material after unloading. 
However, it is difficult to optically measure such dimen-
sions with a high degree of accuracy for indents at the 
micro/nano-scale. On the other hand, the dynamic nano- or 
micro-indentation method has significant advantages over 
conventional hardness testing. In this depth-sensing inden-
tation hardness test, a diamond indenter tip is pressed into 
the specimen until a given maximum load or depth and 
then removed. The load on and the displacement of the 
indenter are simultaneously recorded. This method can 
provide well-defined mechanical parameters of materials, 
such as the dynamic hardness and the elastic modulus.

In this study, we investigate the mechanical properties 
of five commercially available flowable resin composites 
using the dynamic micro-indentation method. The effects 
of inorganic-filler content on the dynamic hardness and 

elastic modulus of flowable composites obtained by this 
method are also investigated.

Materials and methods

Preparation of dental resin composites

Five commercially available flowable composites were 
prepared. Table 1 lists the flowable resin composites, man-
ufacturer, composition, and other information. All materi-
als were of shade A2. To fabricate the test specimens for the 
dynamic micro-indentation test, the flowable composite 
pastes were placed in a circular gum mold (5-mm diameter 
× 2-mm depth), which is described in detail elsewhere.12 
The surface of the composite was covered with polyester 
strips (Striproll; KerrHawe, Bioggio, Switzerland). The 
molded composite was then pressed by a glass slide. As 
amply described by our previous study,12 visible light was 
irradiated to the surface using a laboratory light-curing unit 
(α-LIGHT II; J. Morita Tokyo MFG. Corp., Tokyo, Japan) 
for 90 s to ensure complete polymerization of the compos-
ite. After polymerization, the composite was carefully 
removed from the mold. Both surfaces of the composite 
were polished using #800 and #1000 silicon carbide paper 
under running water to remove residual monomers. Finally, 
the five flowable composites were stored in distilled water 
for 24 h at 37°C.

Dynamic micro-indentation test

Investigation of the mechanical behavior of the flowable 
composites was performed using a dynamic ultra-micro-
hardness tester (DUH-211; Shimadzu Co., Kyoto, Japan) 

Table 1.  Flowable resin composites used in this study.

ID Material Manufacturer Composition Lot number

CM CLEARFIL MAJESTY LV Kuraray Medical Inc., 
Tokyo, Japan

Matrix: TEGDMA, other. Filler 
(81.0 wt%): barium glass, silica

0016BA

EF ESTELITE FLOW QUICK Tokuyama Dental Corp., 
Tokyo, Japan

Matrix: BisMPEPP, TEGDMA, 
UDMA. Filler (71.0 wt%): silica-
zirconia, silica-titania

072031

BF BEAUTIFIL Flow Plus F03 Shofu Inc., Kyoto, Japan Matrix: BisGMA, TEGDMA. 
Filler (66.8 wt%): multi-
functional glass, surface pre-
reacted glass ionomer based on 
fluoroboroaluminosilicate glass

021003

FS Filtek Supreme Ultra 3M ESPE, St. Paul, MN, 
USA

Matrix: BisGMA, BisEMA, UDMA, 
TEGDMA, PEGDMA. Filler (78.5 
wt%): aggregated zirconia-silica 
cluster, silica

N246230

MI MI Flow GC Corp., Tokyo, Japan Matrix: UDMA, BisMEPP, DMA. 
Filler (69.0 wt%): silica, strontium 
glass, lanthanide fluoride

1106011

TEGDMA: triethylene glycol dimethacrylate; BisMPEPP: bisphenol A polyethoxy methacrylate; UDMA: urethane dimethacrylate; BisGMA: bisphenol 
A glycol dimethacrylate; BisEMA: ethoxylated bisphenol A glycol dimethacrylate; PEGDMA: polyethylene glycol dimethacrylate; BisMEPP: bisphenol A 
ethoxylate dimethacrylate; DMA: dimethacrylate.
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fitted with a Berkovich indenter tip (Figure 1(a)). The speci-
mens were fixed onto an attached holder. Dynamic micro-
indentation primarily involves applying a controlled load 
(P) through a diamond tip that is in contact with a smooth 
surface. The penetration depth (h) of indentation is continu-
ously recorded as a function of load. Figure 1(b) shows a 
schematic illustration of the typical micro-indentation load–
penetration depth curve obtained from dynamic micro-
indentation tests. During indenter loading and unloading, 
the specimen is subjected to both plastic deformation (hp) 
and elastic deformation (he). The total deformation (ht) is the 
sum of hp and he in the micro-indentation load–penetration 
depth curve. Moreover, the dynamic hardness and elastic 

modulus can be obtained from the indentation load and pen-
etration depth data.13

The dynamic hardness (DH) of the sample was calcu-
lated from the following equation

	 DH
P

h
=
α

2 	 (1)

where α is a geometrical constant of the Berkovich indenter 
(3.8584), P is the applied load during the indentation test, 
and h is the penetration depth of indentation.

The elastic modulus (E) of the sample was calculated 
from the following equation

Figure 1.  Dynamic ultra-micro-hardness testing system used in this study. (a) Schematic image of the geometry of the Berkovich 
indenter tip. Tip height (L) is defined as L = (1/3) (L1 + L2 + L3). The photograph is the indented surface of the sample after testing. 
(b) Schematic illustration of the micro-indentation load versus penetration depth curve obtained from the testing.
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where Er is the reduced elastic modulus from the indenter, 
V is Poisson’s ratio for the sample, Vi is Poisson’s ratio for 
the Berkovich indenter (0.07), and Ei is the modulus of the 
Berkovich indenter (1140 GPa).

In this study, the dynamic micro-indentation test was 
carried out with peak loads (Pmax) of 196.1 mN. The load 
rate was kept constant at 13.32 mN/s, and the hold time at 
the maximum load was set to 15 s. The dynamic micro-
indentation results, such as dynamic hardness and elastic 
modulus, were obtained as the average values of five spec-
imens (n = 5), which were each measured five times.

Percentage weight of inorganic fillers

The percentage weight of the inorganic fillers of the com-
posites was examined by the ashing technique. A porcelain 
crucible containing ~0.2 g of composite paste was sintered 
at a maximum temperature of 550°C under atmospheric 
pressure in a furnace (MSFT-1520-P; Nikkato Corp., 
Tokyo, Japan). The temperature was increased at a rate of 
5°C/min to the maximum temperature, and the hold time 
was set to 2 h at 550°C. The weight percentages of the fill-
ers were determined by calculating the difference in weight 
of the sample before and after sintering using a precision 
balance (AG285; Mettler-Toledo GmbH, Greifensee, 
Switzerland). Three samples of each composite were ana-
lyzed (n = 3).

Statistical analysis

The results obtained from the dynamic micro-indentation 
tests were examined with a one-way analysis of variance 
(ANOVA) and tested using Scheffé’s test for multiple 
comparisons of means at p = 0.01.

Results

Typical indentation load–penetration depth curves of the 
five flowable composites are shown in Figure 2. The 
indentation load–penetration depth curves for all com-
posites indicated creep phenomenon of the specimen at 
peak load of 196.1 mN. Table 2 shows the total deforma-
tion (ht) values, which are the sum of plastic deformation 
(hp) and elastic deformation (he), of the five flowable 
composites. Here, indentation deformation, ht = hp + he, 
is always satisfied. The hp/ht and he/ht ratios are also 
listed. MI showed significantly larger ht and hp values 
than the other composites (p < 0.01). MI also had the 
highest hp/ht ratio of the five composites. Table 3 sum-
marizes the dynamic hardnesses and elastic moduli of the 
five resin composites as well as the weight percentages of 

inorganic filler. The dynamic hardnesses of the compos-
ites ranged from 25.8 to 40.2 and increased in the order 
MI < BF < FS < EF < CM. The elastic moduli of the 
composites ranged from 7.4 to 11.0 GPa and increased in 
the order MI < FS < BF < EF < CM. That is, CM exhib-
ited both the highest dynamic hardness and the highest 
elastic modulus of the five composites. For all the com-
posites, the inorganic-filler contents obtained from the 
experiments were less than the filler contents given by 
the manufacturers. The differences between the inor-
ganic-filler contents obtained from the experiments and 
the filler contents given by the manufacturers for CM, 
EF, BF, FS, and MI were 5.0, 1.9, 5.2, 17.9, and 3.9 wt%, 
respectively. For FS, a large difference was found in the 
filler content between our experimental data and the data 
given by the manufacturers (17.9 wt%). Figure 3 shows 
the relationship between the dynamic hardness and inor-
ganic-filler content. There was no correlation between 
the dynamic hardness and inorganic-filler content (y = 
0.620 x − 7.769, r2 = 0.505). Figure 4 shows the relation-
ship between the elastic modulus and inorganic-filler 
content. There was a weak correlation between the elastic 
modulus and inorganic-filler content (y = 0.194 x − 3.943, 
r2 = 0.707).

Discussion

It is important for clinicians to have reliable information 
on the mechanical properties of commercially available 
resin composites, as well as the handling characteristics in 
restorative procedures. Micro-indentation is a depth-sensing 
technique that can accurately characterize the mechanical 
properties of almost all types of solid materials at a small 
scale. In particular, this method can continuously record 
the penetration depth of the specimen during dynamic 
loading and unloading at the indentation tip while provid-
ing information on the degree of plastic and elastic defor-
mation, and the hardness and elastic modulus of the 
materials. Therefore, knowledge of the mechanical proper-
ties of such flowable composites provided by micro-
indentation is very helpful for clinicians in relation to 
restorative treatment. In this study, the micro-indentation 
method was used to investigate the mechanical properties, 
such as dynamic hardness and elastic modulus, of five 
commercially available flowable composites.

In general, composites need a high percentage of inor-
ganic-filler particles to withstand high mechanical stresses. 
Thus, determination of the inorganic-filler content of com-
mercial composites is very important because it directly 
affects the mechanical properties of the composites. The 
weight percentages of the inorganic fillers were deter-
mined using the ashing technique. The ashing technique 
destroys the organic part of the composite and measures 
only the real weight of the inorganic fillers.12 For CM, EF, 
BF, and MI, the inorganic-filler contents obtained from the 
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experiments were similar to the filler contents given by the 
manufacturers. In other words, small differences (approxi-
mately <5 wt%) were found between our experimental 
data and the composition given by the manufacturers. 
Dental composites are normally composed of a dispersion 
of silica filler within a resin matrix. To enhance the chemi-
cal bonding between the silica glass and dimethacrylate, 

the silica glass is treated with a silane coupling agent, 
which has a methacryloyl group at its terminal end. 
Sabbagh et al.14 reported that some manufacturers assess 
the weight percentage of fillers before the silanization of 
the fillers, whereas others include the percentage of silane 
coating in their calculations. As a result, it is thought that 
the differences between experimental filler content and 

Figure 2.  Typical indentation load–penetration depth curves of five flowable resin composites obtained from dynamic ultra-micro-
hardness tests.
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those given by manufacturers can be attributed to filler 
silanization.15 These findings for the inorganic-filler con-
tent agree with our previous study.12 On the other hand, for 

FS, the inorganic-filler contents obtained from experi-
ments were considerably less (~18 wt%) than the filler 
content given by the manufacturers. By considering recent 

Table 3.  Dynamic hardnesses and elastic moduli of the flowable resin composites.

ID Inorganic-filler 
content (wt%)*

Dynamic hardness (–) Elastic modulus (GPa)

  Mean** SD Min Max Mean** SD Min Max

CM 76.0 40.2a,b,c 3.3 37.2 45.4 11.0a,b,c 1.0 10.0 12.1
EF 69.1 37.0d 1.8 35.2 39.0 9.9d 0.4 9.2 10.2
BF 61.6 31.9a 2.3 29.6 35.4 8.5a 0.5 8.1 9.3
FS 60.6 32.4b 2.5 28.3 34.4 8.2b 0.4 7.5 8.6
MI 65.1 25.8c,d 2.7 23.0 29.5 7.3c,d 1.0 6.2 8.2

SD: standard deviation.
*Values of inorganic-filler content obtained by the ashing technique.
**Mean values with same superscript are significantly different from each other (p < 0.01).

Figure 3.  Relationship between the dynamic hardness and 
inorganic-filler content for the five flowable resin composites. 
The 95% confidence intervals of CM, EF, BF, FS, and MI were 
37.2–43.1, 35.4–38.5, 29.9–33.9, 30.2–34.6, and 23.5–28.2, 
respectively.

Figure 4.  Relationship between the elastic modulus and 
inorganic-filler content for the five flowable resin composites. 
The 95% confidence intervals of CM, EF, BF, FS, and MI 
were 10.1–11.9, 9.5–10.2, 8.1–8.9, 7.8–8.6, and 6.5–8.2 GPa, 
respectively.

Table 2.  Total, plastic, and elastic deformations of the five flowable resin composites.

ID Total deformation, 
ht (µm)*

Plastic deformation, 
hp (µm)*

hp/ht (%) Elastic deformation, 
he (µm)*

he/ht (%)

CM 4.392 ± 0.166a,b 1.956 ± 0.135a 44.5 2.436 ± 0.122a,b 55.5
EF 4.551 ± 0.106c 2.071 ± 0.082b 45.5 2.479 ± 0.042c,d 54.5
BF 4.928 ± 0.189a,d 2.082 ± 0.173c 42.2 2.847 ± 0.073a,c 57.8
FS 4.884 ± 0.189e 2.106 ± 0.119d 43.1 2.777 ± 0.103 56.9
MI 5.462 ± 0.274b,c,d,e 2.566 ± 0.116a,b,c,d 47.0 2.896 ± 0.234b,d 53.0

*Experimental values (mean ± standard deviation, n = 5) with same superscript are significantly different from each other (p < 0.01).
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advances in nanotechnology, nanofill composites such as 
Filtek Supreme (FS) contain silica and zirconia nanoparti-
cles, which are partially calcined to produce micron-sized 
porous clusters that are infiltrated with silane prior to 
incorporation into a resin matrix.16–18 Therefore, it is 
expected that there is more silane coupling agent contained 
in FS than the other composites because the surface area of 
the filler particles increases with decreasing particle size of 
the filler.19

Although the filler content generally affects the 
mechanical properties of composites, there was no correla-
tion between either dynamic hardness or elastic modulus 
and the inorganic-filler content of the flowable composites 
considered in this study (Figures 3 and 4). However, except 
for MI, there was a strong correlation between both 
dynamic hardness (y = 0.545x − 1.021, r2 = 0.984) and 
elastic modulus (y = 0.179x − 2.563, r2 = 0.998) and the 
inorganic-filler content. These results may be because of 
the influence of the composition of the matrix resin. 
Bisphenol-A-glycidyl methacrylate (BisGMA), urethane 
dimethacrylate (UDMA), and triethylene glycol dimeth-
acrylate are traditional dimethacrylates widely used as the 
resin component.20 Bonilla et al.6 investigated the fracture 
toughness of nine commercially available flowable resin 
composites. They reported that composite materials hav-
ing UDMA as the major component of the resin matrix 
have lower fracture toughness than composites based on 
methacrylate or BisGMA. For the five commercially 
available flowable composites used in this study, MI is 
based on UDMA as the major component of the resin 
matrix, in contrast to other composites (see Table 1). In 
addition, it was apparent that MI has higher hp/ht ratios, 
representing a higher degree of plastic behavior, com-
pared with composites based on BisGMA. From the 
results obtained in this study, flowable composites have a 
large resin matrix component, indicating that the mechan-
ical properties of flowable composites are dependent not 
only on the filler content but also on the properties of the 
resin matrix. The matrix properties, such as composition 
and viscosity, affect both the dynamic hardness and elas-
tic modulus, and will be further investigated in our next 
series of experiments.

Finally, it is well known that the mechanical properties 
of composites depend on stress transmission at the inter-
phase between the silica filler and the resin matrix in the 
composites. Thus, optimization of the mechanical proper-
ties of composites is based on knowledge of the relation-
ship between the microstructure and the macroscopic 
response. Finite element analysis (FEA) has the potential 
to predict the mechanical behavior of dental composites, 
which can be microscopically divided into the filler, the 
matrix, and the interphase.19,21 To analyze the mechanical 
characterization of composites by FEA, the material prop-
erties of the filler reinforcement, resin matrix, and inter-
phase components are required. In particular, the elastic 

modulus is a basic input parameter for all of the compo-
nents in computational FEA. Ho and Marcolongo22 evalu-
ated the interfacial mechanics of bioactive composites 
composed of polymethylmethacrylate and hydroxyapatite 
for mandibular bone substitutes using the nano-indentation 
technique. They concluded that nano-indentation is a pow-
erful technique for quantifying interfacial interactions in 
composites and is capable of showing more specific local 
differences in the interfacial mechanics than the quasi-
static bulk properties, such as flexural bending. In this study, 
the main advantage of the dynamic micro-indentation test 
compared with other mechanical test procedures for resin 
composites is the relative simplicity of the experimental 
setup. The material properties of the components, such as 
the filler reinforcement, the resin matrix, and the inter-
phase, will be further investigated by the dynamic micro-
indentation method.

Conclusion

This study compares the mechanical behavior of five com-
mercially available flowable resin composites by the 
dynamic micro-indentation method. The following con-
clusions were drawn:

1.	 The weight percentage of inorganic fillers was 
determined using the ashing technique. The inor-
ganic-filler content obtained from experiments 
was less than the filler contents given by the man-
ufacturers. It is thought that the differences 
between the experimental filler content and those 
given by manufacturers can be attributed to filler 
silanization.

2.	 Overall, when the inorganic-filler content increased, 
there was a remarkable increase in both the dynamic 
hardness and elastic modulus of the composites 
measured by the dynamic micro-indentation 
method. In addition, the mechanical properties of 
the flowable composites were affected not only by 
the filler content but also by the properties of the 
resin matrix because they have lower filler content 
than conventional composites.

3.	 In light of these results, the dynamic micro-inden-
tation method is a useful technique for determining 
the mechanical properties of composites as brittle 
material within very small areas on the surface of 
the sample without complex sample preparation.
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