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Objectives. To investigate the reinforcing effect of urchin-like hydroxyapatite (UHA) in bisphe-
nol A glycidyl methacrylate (Bis-GMA)/triethylene glycol dimethacrylate (TEGDMA) dental
resin (without silica nanoparticles) and dental composites (with silica nanoparticles), and
explore the effect of HA filler morphologies and loadings on the mechanical properties.
Methods. UHA was synthesized by a facile method of microwave irradiation and studied by
X-ray diffraction (XRD), scanning electron microscope (SEM), and thermogravimetric anal-
ysis (TGA). Mechanical properties of the dental resin composites containing silanized UHA
were tested by a universal mechanical testing machine. Analysis of variance was used for
the statistical analysis of the acquired data. The fracture morphologies of tested compos-
ites were observed by SEM. Composites with silanized irregular particulate hydroxyapatite
(IPHA) and hydroxyapatite whisker (HW) were prepared for comparative studies.
Results. Impregnation of lower loadings (5 wt% and 10 wt%) of silanized UHA into dental resin
(without silica nanoparticles) substantially improved the mechanical properties; higher UHA
loadings (20 wt% and 30 wt%) of impregnation continuously improved the flexural modu-
lus and microhardness, while the strength would no longer be increased. Compared with
silanized IPHA and HW, silanized UHA consisting of rods extending radially from center
were embedded into the matrix closely and well dispersed in the composite, increasing
filler-matrix interfacial contact area and combination. At higher filler loadings, UHA inter-
laced together tightly without affecting the mobility of monomer inside, which might bear
higher loads during fracture of the composite, leading to higher strengths than those of den-
tal resins with IPHA and HW. Besides, impregnation of silanized UHA into dental composites
(with silica nanoparticles) significantly improved the strength and modulus.
Significance. UHA could serve as novel reinforcing HA filler to improve the mechanical prop-
erties of dental resin and dental composite.
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1. Introduction

Dental resin composites have been widely used instead of
amalgam alloys and considered as versatile and reliable
materials for different types of caries [1]. Most dental resin
composites consist of the matrix and filler. The matrix is
typically derived from the monomer system that includes
a free radical initiating system and the filler is utilized to
reinforce the softer organic matrix [2]. Since the introduc-
tion of dental resin composites in 1960s, extensive research
has been attempted to develop materials with acceptable
physical and mechanical properties. Owing to the devel-
opment of nanotechnology and hybrid filling techniques,
wear-resistant property, esthetic quality, and longevity of den-
tal resin composites have been dramatically improved [3].
However, some problems remain, which include the adverse
effects of polymerization shrinkage [4,5], and inadequate
mechanical properties of the composites in posterior restora-
tions during service [6,7]. Current researches demonstrated
that most nanoparticle fillers did not yet provide antici-
pated reinforcing effects to significantly improve mechanical
properties of the dental composites [3,8,9]. Therefore, fillers
that could transfer and bear larger load have attracted
numerous attention recently, such as SizNg, SiC whisker,
tetrapod whisker, inorganic fiber, halloysite nanotubes, and
polymer fibers [10-13], and dental composites reinforced by
these fillers show remarkably enhanced mechanical prop-
erties due to the diverse strengthening and toughening
mechanisms of the fillers, which provide an effective and
promising approach to fabricate strong dental compos-
ites.

Hydroxyapatite (HA) is the main component of the
mineral part in bone tissue, tooth enamel and dentin.
Synthetic HA has excellent biocompatibility and bioac-
tivity, which is widely used as a material for human
hard tissue regeneration. Besides, HA is also a promis-
ing material to reinforce biomedical composites, and it has
drawn extensive attention in the development of bioma-
terials. Recently, different types of HA, such as particle,
nanorod, whisker, and nanofiber, were employed to pre-
pare bionic dental resin composite, and much basic work
has been investigated for mechanical properties, service
behaviors, stability, and biological properties. Unfortunately,
dental composites using HA particles or nanorods possess
lower flexural strength and modulus [14-17]. Hydroxyapatite
whisker (HW) or nanofiber could improve the mechanical
properties, while higher filler loading tends to result in
aggregations that influence filler dispersion in the compos-
ite and serve as mechanical defects, which decrease the
mechanical properties of the dental resin composite con-
sequently [7,18,19]. Therefore, how to fabricate strong and
bionic HA filled dental resin composite has gained more atten-
tion.

Inspired by the retention ability of the sea urchin spines
on the seafloor, here, we report a novel dental resin com-
posite which was embedded and enhanced by silanized
urchin-like hydroxyapatite (UHA). UHA is bioactive filler
with hierarchical structure, which has a globular appear-
ance and consists of rods extending radially from the center

like urchin. With the unique structure that combines fea-
tures of globular and whisker, UHA is supposed to disperse
easily in the matrix compared with nanorod, whisker or
fiber-like HA, meanwhile, the radiate rods of UHA could
embed and interlock with the matrix to result in effi-
cient strengthening and toughening mechanisms compared
with particulate HA. Moreover, the complicated morphol-
ogy and large surface area of UHA could increase the
contact area between filler and matrix, enhancing the inter-
facial combination. Thus, it is expected that UHA could
enhance the mechanical properties of dental resin com-
posites more efficiently [20]. In the past decade, polymers
reinforced by filler with similar structure showed signifi-
cantly improved mechanical properties [11,21-23]. However,
to the best of our knowledge, no work has been reported
about the preparation of dental resin composite enhanced
by urchin-like hydroxyapatite. Herein, to explore the rein-
forcing effect of UHA, we prepared and characterized dental
resin/composite filled with silanized UHA. In this study, UHA
was synthesized by microwave irradiation and modified by
3-methacyloxypropyltrimethoxysilane (y-MPS) to improve the
compatibility and interfacial binding between UHA and resin
matrix. Meanwhile, silanized IPHA and HW were employed
to compare the reinforcing performance with UHA. The
effect of UHA loading on mechanical properties of the dental
resin/composite was also discussed with a view to developing
strong, bioactive and reliable dental restorative resin compos-
ites.

2. Materials and methods

2.1. Materials

Bis-GMA and TEGDMA were obtained from Sigma-Aldrich
(USA). Camphorquinone (CQ), y-MPS, and ethyl-4-
dimethylaminobenzoate (4-EDMAB) were obtained from
J&K Scientific (China). Propylamine, cyclohexane, calcium
nitrate, sodium dihydrogen phosphate dehydrate, gelatin,
urea, calcium nitrate tetrahydrate (Ca(NOs),-4H,0) and
dibasic anhydrous sodium phosphate (NayHPOy4), ethylenedi-
aminetetracetic acid disodium salt (EDTA), sodium hydroxide
(NaOH) were all obtained from Sinopharm Chemical Reagent
Co., Ltd. (China). Irregular particulate HA (IPHA) was obtained
from Emperor Nano Material Co., Ltd. (Nanjing, China). Silica
nanoparticles (Aerosil OX50, average size 40nm) were pur-
chased from Shanghai Haiyi Co. Ltd. (China). All materials
were of analytical grade and used as received without further
purification. HW was prepared as previously reported [24].

The synthesis procedure of UHA was modified from a
method reported by Liu [25]. Briefly, 200 mL of a mixed solu-
tion of Ca(NO3),-4H,0 (0.4 M) and EDTA (0.4 M) was introduced
into 200 mL of Nap;HPO4 (0.24 M) solution. The pH of solution
was adjusted to 13 by adding NaOH solution. The obtained
solution was put into a household type microwave oven of
700 W power with a refluxing system and the reaction was
performed at 105°C under ambient air for 30 min. After cool-
ing to room temperature, the precipitate was filtered, washed
with deionized water, and dried in oven under vacuum at 70°C
for2h.
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Fig. 1 - The schematic representation of the preparation of novel dental resin composite with silanized UHA.

2.2. Silanization

UHA, IPHA, HW, and silica were silanized respectively fol-
lowing the method as reported [24]. Filler (5.0 g), cyclohexane
(500 mL), propylamine (0.2 g) and y-MPS (0.5 g) were stirred in a
1L three-neck flask at room temperature for 30 min and then
heated at 65°C for 90 min. The mixture was evaporated on a
rotary evaporator at 60°C to remove the volatile substances
and then heated at 95 °C for 2 h. Finally, the product was dried
in oven under vacuum at 85°C for 18 h.

2.3.  Preparation of dental resin composites

Asillustrated in Fig. 1, resin matrix containing monomers (Bis-
GMA/TEGDMA, 49.5/49.5, wt%) and initiators (CQ/4-EDMAB,
0.2/0.8, wt%) was uniformly mixed with a magnetic stirrer in
a 20mL flat bottom bottle, and then the silanized UHA was
slowly added into the matrix while continuously stirring. After
mixing thoroughly, the mixture with different filler mass frac-
tions (5wt%, 10wt%, 20wt%, and 30 wt%) was dispersed by
ultrasonic method for 15min and stirred (1000rpm) for 12h
subsequently. The unfilled resin (0 wt%) and composites con-
taining silanized IPHA and HW served as controls. Silanized
UHA and silica (the weight percent ratio of UHA/silica in the
composite: 0/60, 5/55, 10/50, 30/30) were mixed with the resin
matrix (40 wt% of the composite) using a three-roller mixer
(EXAKT 80E, Exakt Apparatebau GmbH & Co., Germany, for
fabrication of viscous composite with a higher filler load-
ing) according to the reported method [24]. All the obtained
uncured composites were placed in oven under vacuum
at room temperature for 8h to remove air bubbles. After-
wards, the composite was added carefully to the rectangular
(25 mm x 2mm x 2mm) and circle shaped (® 4mm x 6 mm, ¢
6mm x 4mm) silicon rubber molds covered by glass slides.
Then, the samples were light-cured by a curing unit (Blue light,
470nm, SLC-VIII B Hangzhou Sifang Medical Apparatus Co.,
Ltd., Zhejiang, China) for 60 s on each side. All specimens were
polished using a sand paper with a grit number of 1500 #.

2.4. Characterization and evaluation

2.4.1. X-ray diffraction

X-ray diffraction (XRD) pattern of UHA was collected on a X-ray
difractometer (XRD, D/Max-2550 PC, RIGAKU, Japan) using Ni-
filtered Cu Kal radiation (x=0.154nm) in the 26 range 10-80°
at a voltage of 40kV and a current of 200 mA.

2.4.2.
analysis
The FTIR analysis was conducted with a method of attenu-
ated total reflection in a FTIR spectrometer (Nicolet Nexus
670, Thermo Fisher, USA). Spectra were collected over
4000-650 cm ™! region and were acquired with a resolution of
4cm~! and a total of 10 scans per spectrum.

Fourier transform infrared spectroscopy (FTIR)

2.4.3. Thermogravimetric analysis

The amount of grafted y-MPS on filler was determined by ther-
mogravimetric analysis (TGA). Weight changes as a function
of time and temperature were evaluated during a thermal
program from 50 to 600°C at a heating rate of 10°C/min in
nitrogen atmosphere. The measurement was performed on a
thermal gravimetric analyzer (STA409PC, NETZSCH, Germany)
using 5-10mg of each sample.

2.4.4. Morphology

Field emission scanning electron microscope (S-4800, Hitachi,
Japan) and back-scattered scanning electron microscope
(Quanta-250, FEI Company, Czech Republic) were employed
to observe the morphology and size of UHA and the fracture
surface of dental resins/composites after three-point bending
test.

2.4.5. Mechanical properties

Flexural strength, flexural modulus, compressive strength,
and diametral tensile strength of the resin composites
were measured using a universal mechanical testing
machine (Instron 5900, USA) according to the reported
methods [24,26,27]. Six rectangular bar specimens

Intensity (au.)

20 30 40 50 60
20 (degree)

Fig. 2 — XRD pattern of the synthetic UHA.
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Fig. 3 — Representative SEM images of (A) UHA, (B) IPHA, and (C) HW.

(25mm x 2mm x 2mm) were prepared for the three-point
bending test (span 20 mm, crosshead speed 0.75 mm/min). In
the compressive test, six cylinder specimens (® 4 mm x 6 mm)
and six disk specimens (® 6mm x 4mm) were prepared
for measuring the compressive strength (loading rate
1mm/min) and the diametral tensile strength (crosshead
speed 1.0 mm/min), respectively. Vickers microhardness was
determined on six disk-shaped specimens (¢ 6 mm x 4 mm)
under a load of 50g for 10s using a micro hardness tester
(HXD-1000TMC/LCD, Shanghai Taiming Optical Instrument
Co., Ltd., China).

2.4.6. Statistical analysis

The acquired data of mechanical properties were analyzed
with one-way analysis of variance using SPSS software (ver-
sion 17, Chicago, IL). Significant differences were determined
using the Tukey’s test. References to significant differences
were based on a probability of P <0.05 unless otherwise stated.

3. Results and discussion
3.1 Characterization of UHA

XRD analysis was used to characterize the crystal structure of
the products. Fig. 2 shows the XRD pattern of the synthetic
UHA. All the diffraction peaks marked in the pattern can be
indexed and are consistent with HA phase (ICDD 09-432). Fur-
thermore, sharp and narrow diffraction peaks are examined,
which imply that UHA has a highly crystalline structure [25].

Fig. 3A shows the typical SEM image of the UHA structure
prepared by microwave irradiation. The obtained product with
a globular appearance has a good uniformity of size (diame-
ter 2-3 um). The morphology of UHA is in the form of rods of
100-200 nm width and of average 1 pm length extending radi-
ally from the center. Due to the unique spatial structure, a
concentrated stress at the tip of each rod can be transferred
to other rods, which causes stress distribution in the poly-
mer matrix [28,29]. This might avoid crack and damage of the
composites under external force, enhancing the mechanical
properties of the composites consequently [30]. For compar-
ison, two most-studied fillers with different morphologies
were chosen: IPHA (Fig. 3B, consisting of needle-like HA) with
similar shape and size ranging from sub-microns to 2 pm; Syn-
thetic HW (Fig. 3C) with an aspect ratio of 100-200 and average
diameter of 200 nm, which could provide similar reinforcing
mechanisms as rods in the UHA structure.

3.2.  Mechanical properties of dental resin composites

Strong mechanical properties of the resin composite are
essential for the long-term clinic application of dental restora-
tives. To evaluate the reinforcing effect of UHA, flexural
strength (Sg), flexural modulus (Ey), compressive strength (Sc),
Vickers microhardness (Hm), and diametral tensile strength
(DTS) of the dental resins (without silica nanoparticles) filled
with 5wt%, 10wt%, 20wt%, and 30wt% silanized UHA and
the control samples (unfilled resin, dental resin filled with
silanized IPHA and HW) were measured and the results are
shown in Fig. 4.
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Fig. 4 - The flexural strength (A), flexural modulus (B), compressive strength (C), Vickers microhardness (D), and diametral
tensile strength (E) of the dental resins filled with silanized UHA, IPHA, and HW.

The addition of silanized UHA substantially increases
the values of Sp, Ev, Sc, Hm, and DTS compared with the
unfilled resin (P<0.05). The values of Sg, Ey, Sc, Hm, and
DTS of the unfilled resin were (93.2 +4.6) MPa, (2.8 +£0.1) GPa,
(326.9+11.6) MPa, (17.4+0.7) HV, and (30.3 4+ 2.2) MPa, respec-
tively. For the dental resin filled with 10 wt% UHA, the values
of S, Sc, and DTS were (123.5+1.8) MPa, (363.5 +14.9) MPa,
and (42.7 £1.7) MPa, respectively. Thus, S was improved by
32.5%, Sc was improved by 11.2%, and DTS was improved
by 40.8%. For the composite with 20wt% UHA, the val-
ues of S, Sc, and DTS were increased to (118.0+2.9)MPa,
(388.7 £8.4) MPa, and (46.2 +3.5) MPa; and the improvements
were 26.6%, 18.9%, and 52.2%, respectively. However, higher
UHA loading (30 wt%) wound no longer increase the strength.
Ey and Hy of UHA filled composites increased significantly
(P<0.05) with the increase of UHA loading (Fig. 4B and D).

The values of Ey and Hy, were (4.9 +0.1) GPa and (40.1+0.6) HV
when UHA loading was 30 wt%, and the respective improve-
ments were 75.0% and 130.5%. These results indicated that
UHA improved the mechanical properties of the dental resin
effectively. The following were the suggested reasons: (1) UHA
was strongly embedded into the matrix, which strengthened
the resin and resulted in an increase of the strength; (2) the
modulus of UHA was higher than that of the resin matrix,
leading to the substantial increase of flexural modulus; and
(3) with the increase of filler loading, the packing density
of UHA in the resin and the density of the composite were
improved, enhancing the values of Hy . Furthermore, the trend
of strength improvements implied that the reinforcing effect
of UHA could be weakened when filler loading was higher,
which might be possibly due to the undesirable distribution of
UHA.
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As illustrated in Fig. 4, UHA showed better reinforcing
effect on dental resin than IPHA and HW, especially for the
strength (Sg, Sc, and DTS) enhancement at higher filler load-
ings (P <0.05). The strength of dental resin containing 20 wt%
or 30 wt% UHA still remained at higher values, implying the
different strengthening effect of UHA from HA whisker and
nanofiber [18,19]. Besides, at higher loadings (e.g., 30 wt%), Ey
and Hy, of the UHA filled dental resin showed more significant
increasing trends than IPHA and HW filled dental resins. These
results indicated that UHA with radial rods had advantages to
enhance dental resin compared with IPHA and HW, probably
due to the unique morphology. The complicated structure and
large surface area of UHA might facilitate forming an inter-
locked and enhanced interface between UHA and matrix. As a
consequence, the stress could be more efficiently transferred
between the matrix and UHA, improving the material’s resis-
tance to fracture [31].

Furthermore, compared with silica (60wt%) filled dental
composite, impregnation of silanized UHA into dental com-
posites (with silica nanoparticles) significantly enhanced the
mechanical properties as shown in Fig. 5 (P<0.05), giving
50.3%, 40.0%, and 13.1% improvement in Sg, Ey, and Sc, respec-
tively, when 10 wt% silanized UHA was added. These results
further proved the favorable reinforcing efficiency of UHA on
dental composite as discussed above. In addition, Ey and S¢ of
UHA filled dental composite (with silica nanoparticles) were
177.0% and 16.5% higher than Ey and Sc of UHA filled den-
tal resin (without silica nanoparticles) when the UHA loading
was 10wt% (Fig. 5B and C); this might be resulted from the
improvement of filler packing density by silica nanoparticles,
as well as the difference in the fabrication methods between
UHA filled dental resin (without silica nanoparticles) and den-
tal composite (with silica nanoparticles).

3.3. Surface morphology of fractured composites

The fracture surfaces of the composite samples after three-
point bending test were examined by SEM. Representative
images of the dental resins (without silica nanoparticles) with
different silanized UHA loadings are shown in Fig. 6. The flat
fracture surface of the unfilled resin sample (Fig. 6A) indi-
cated little resistance of the sample to the applied force.
In comparison, the fracture surfaces of dental resin filled
with UHA (Fig. 6B-E) were rough with numerous curved and
stretched steps, which implied that UHA could deflect the
cracks and the composites had higher fracture energy than
the unfilled resin [21]. As shown in Fig. 6B-E, UHA embed-
ded in the matrix were identifiable, and a good dispersion of
UHA could be observed even at a higher UHA loading. This
was one critical factor in maximizing the mechanical prop-
erties of the composites. As the filler loading increased, UHA
interlaced together and packed tightly (Fig. 6F), which affected
the uniform dispersion of UHA and the distribution of stress
under load. However, unlike IPHA and HW dense aggregations
(Fig. 7E and F), the UHA aggregation with mutual support of
crisscrossing rods was supposed to bear higher loads during
bending and tensile processes of the composite. The inside of
the aggregation could be fully wetted by monomers because
enough space among the interlaced rods facilitated the mobil-
ity of monomers, and the matrix could glue the aggregation
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Fig. 5 - The flexural strength (A), flexural modulus (B), and
compressive strength (C) of the dental resins/composites
filled with different mass fractions of silanized UHA.

tightly after photo-polymerization. These might be reasons
that the values of Sp and DTS were not decreased significantly
at higher UHA loadings. The radiate rods of UHA, embedded
in the matrix like a claw, could provide effective reinforce-
ment through crack deflection, crack bridging, rod pullout
and break. And these reinforcing and toughening mechanisms
were clearly observed as pointed in Fig. 6F, indicating more
energy could be consumed during the fracture of the compos-
ites [18,32].

Silanization has been proved a useful method to improve
the compatibility and combination between filler and matrix.
The synthetic UHA was modified by y-MPS to enhance the
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Fig. 6 - SEM images of fracture surfaces of (A) unfilled resin, and dental resins filled with different silanized UHA loadings:
(B) 5 wt%, (C) 10 wt%, (D) 20 wt%, (E) 30 wt%, and (F) 20 wt%, higher magnification of UHA aggregation.

interface adhesion. As shown in Fig. 6F, the silanized UHA had
a desirable bonding with the matrix, no appreciable gaps or
voids appeared on the fracture surface. Besides, UHA with the
unique spatial structure were easily inserted into the matrix,
increasing the UHA-matrix contact area. Therefore, strong
filler-matrix interfacial interactions were formed, and stress
could be efficiently transferred between UHA and matrix,

facilitating the improvement of mechanical properties, con-
sequently.

Mechanical properties of dental resins with different
fillers differed obviously, which was associated with filler
dispersion, morphology, and interfacial interaction, etc. At a
lower filler loading, IPHA and HW dispersed well in the matrix
(Fig. 7A and C), and the impregnation allowed the filler surface
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Fig. 7 - SEM images of fracture surfaces of the dental resins filled with silanized IPHA and HW. (A) 5 wt% silanized IPHA, (B)
20 wt% silanized IPHA, (C) 5 wt% silanized HW, (D) 20 wt% silanized HW, (E) IPHA aggregation in 20 wt% silanized IPHA filled
composite, and (F) HW aggregation in 20 wt% silanized HW filled composite.

to contact with the resin, exerting different and profound
reinforcing effects on mechanical properties of the compos-
ites: HW had obvious advantages in improving the modulus
of the composite; IPHA had a better performance in hardness
enhancement. At higher filler loadings, IPHA agglomerated
seriously and exposed on the fracture surface (Fig. 7B). The
IPHA aggregation had loose internal structure without being

glued closely by matrix (Fig. 7E), and the gaps around IPHA
also revealed the weak filler-matrix interactions, which would
reduce the efficiency of stress transfer. Hence, mechanical
defects easily formed and led to the worse mechanical prop-
erties, e.g., Sr, Sc, and DTS. For the composites filled with
silanized HW, crack deflection, whisker pinning, pullout, and
break were shown in Fig. 7D and F, and these contributed to
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Fig. 8 - SEM images of fracture surfaces of dental composites with (A) 5 wt% UHA and 55 wt% silica filler, (B) 30 wt% UHA and
30 wt% silica filler, (C) 5 wt% UHA and 55 wt% silica filler, higher magnification, and (D) 30 wt% UHA and 30 wt% silica filler,

higher magnification.

reinforcing the composite. However, the higher aspect-ratio
HW was difficult to disperse in the matrix. Especially when
the HW loading increased, the whisker tended to aggregate
to form bundles and the gaps were observed around them
(Fig. 7D and F), damaging the structure of matrix [18,19].
Besides, the inside of the dense bundles could not be fully
wetted by monomers, leading to the formation of weak points
in the aggregation. Thus, the mechanical properties were
decreased eventually (Fig. 4A and C).

The fracture surface of silanized UHA filled dental com-
posite (with silica nanoparticles) as shown in Fig. 8 further
proved the reinforcing efficiency of UHA as described above.
At the same UHA loading, similar dispersion was obtained in
UHA filled dental resins (Fig. 6B and E) and dental compos-
ites (Fig. 8A and B). The possible stress concentration resulted
from the undesirable UHA dispersion at higher loadings might
be one factor to limit the strength improvement of the den-
tal composite. In addition, silica nanoparticles (average size
40nm) filling into the space among rods in UHA (Fig. 8C and
D) indicated better incorporation of UHA and silica nanoparti-
cles, which contributed to improving the filler packing density
and enhancing the mechanical properties of the resulting
composites.

This present study suggested that the easily prepared
UHA could serve as more effective reinforcing filler for
dental resins/composites compared with HA particulate

and whisker, and the mechanical properties of the result-
ing composites could be further improved if more UHA
could be added uniformly by appropriate methods. More-
over, it is worthy of pointing out that UHA with excellent
biocompatibility and bioactivity has similar chemical compo-
sition with the tooth and bone minerals, which might have
promising application in hard tissue restorations. For future
research, more experiments and analysis such as shrinkage
effect, absorption/solubility in solvents, mechanical prop-
erties under simulated oral environment, biological tests,
should be conducted on UHA filled dental resin composites.
Besides, hybrid filling technique (e.g., introducing different
fillers, adjusting filler ratio and total filler loading) could also
be employed for optimizing the properties of the composites.

4, Conclusion

The urchin-like hydroxyapatite was successfully synthesized
by a simple method of microwave irradiation, and Bis-
GMA/TEGDMA based dental resins with varied mass loadings
of silanized UHA were fabricated. Compared with silanized
IPHA and HW, silanized UHA with unique spatial struc-
ture were embedded into the matrix closely and dispersed
(5-20 wt%,) uniformly, which increased the interface contact
area and combination between UHA and matrix effectively,
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hence, the mechanical properties of the resulting composites
were substantially improved. Specially, unlike IPHA and HW,
UHA at higher filler loadings could interlace together tightly
and form groups that could bear higher loads during fracture
of the composite, leading to a higher mechanical strength
than that of the dental resins with silanized IPHA and HW.
Besides, the impregnation of silanized UHA into dental com-
posite (with silica nanoparticles) significantly improved the
mechanical properties, further demonstrating the reinforcing
efficiency of UHA. Therefore, the novel urchin-like hydrox-
yapatite could be capable and promising filler for fabricating
dental resin composites with improved mechanical properties
and potential bioactivity.

Acknowledgements

This work was financially supported by National High-Tech
Research and Development Program of China (2012AA030309),
Program for Changjiang Scholars and Innovative Research
Team in University (T2011079, IRT1221), National Natural Sci-
ence Foundation for Distinguished Young Scholar of China
(No.50925312), and Doctoral Innovation Foundation of Univer-
sity (CUSF-DH-D-2013005). The authors wish to acknowledge
Mr. Shaohua Chen, Ms. Yanhua Cheng, Mr. Yao Jin, and Ms.
Julia Merz for their meaningful discussion and help during the
research.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.dental.
2014.10.003.

REFERENCES

[1] Kim JW, Kim LU, Kim CK, Cho BH, Kim OY. Characteristics of
novel dental composites containing
2,2-bis[4-(2-methoxy-3-methacryloyloxy propoxy) phenyl]
propane as a base resin. Biomacromolecules 2006;7:154-60.

[2] Sideridou ID, Karabela MM. Effect of the amount of
3-methacyloxypropyltrimethoxysilane coupling agent on
physical properties of dental resin nanocomposites. Dent
Mater 2009;25:1315-24.

[3] Ferracane JL. Resin composite—state of the art. Dent Mater
2011;27:29-38.

[4] Davidson CL, Feilzer AJ. Polymerization shrinkage and
polymerization shrinkage stress in polymer-based
restoratives. ] Dent 1997;25:435-40.

[S5] Chen MH. Update on dental nanocomposites. ] Dent Res
2010;89:549-60.

[6] Braem M, Finger W, Vandoren VE, Lambrechts P, Vanherle G.
Mechanical properties and filler fraction of dental
composites. Dent Mater 1989;5:346-9.

[7] Zhang H, Zhang M. Effect of surface treatment of
hydroxyapatite whiskers on the mechanical properties of
bis-GMA-based composites. Biomed Mater 2010;5:054106.

[8] XiaY, ZhangF, Xie H, Gu N. Nanoparticle-reinforced
resin-based dental composites. ] Dent 2008;36:450-5.

[9] Chen M-H, Chen C-R, Hsu S-H, Sun S-P, Su W-F. Low
shrinkage light curable nanocomposite for dental restorative
materials. Dent Mater 2006;22:138-45.

[10] Xu HHK, Janet BQ, Douglas TS, Anthony AG, Frederick CE.
Effects of different whiskers on the reinforcement of dental
resin composites. Dent Mater 2003;19:359-67.

[11] Kim D, Jang M, Seo J, Nam KH, Han H, Khan SB. UV-cured
poly(urethane acrylate) composite films containing
surface-modified tetrapod ZnO whiskers. Compos Sci
Technol 2013;75:84-92.

[12] Tian M, Gao Y, Liu Y, Liao Y, Xu R, Hedin NE, et al.
Bis-GMA/TEGDMA dental composites reinforced with
electrospun nylon 6 nanocomposite nanofibers containing
highly aligned fibrillar silicate single crystals. Polymer
2007,48:2720-8.

[13] Sun W, Cai Q, Li P, Deng XL, Yan W, Xu MM, et al. Post-draw
PAN-PMMA nanofiber reinforced and toughened Bis-GMA
dental restorative composite. Dent Mater 2010;26:873-80.

[14] Arcis RW, Lépez-Macipe A, Toledano M, Osorio E,
Rodriguez-Clemente R, Murtra J, et al. Mechanical properties
of visible light-cured resins reinforced with hydroxyapatite
for dental restoration. Dent Mater 2002;18:49-57.

[15] Pascual CD, Arcis RW, Lopez-Macipe A, Osorio R,
Rodrniguez-Clemente R, Murtra J, et al. Dental composites
reinforced with hydroxyapatite: mechanical behavior and
absorption/elution characteristics. ] Biomed Mater Res
2001,56:297-305.

[16] Santos C, Luklinska ZB, Clarke RL, Davy KWM.
Hydroxyapatite as a filler for dental composite materials:
mechanical properties and in vitro bioactivity of
composites. ] Mater Sci Mater Med 2001;12:

565-73.

[17] Sadat-Shojai M, Atai M, Nodehi A, Khanlar LN.
Hydroxyapatite nanorods as novel fillers for improving the
properties of dental adhesives: synthesis and application.
Dent Mater 2010;26:471-82.

[18] Zhang H, Darvell BW. Mechanical properties of
hydroxyapatite whisker reinforced bis-GMA-based resin
composites. Dent Mater 2012;28:824-30.

[19] Chen L, Yu QS, Wang Y, Li H. BisGMA/TEGDMA dental
composite containing high aspect-ratio hydroxyapatite
nanofibers. Dent Mater 2011;27:1187-95.

[20] Zhou JP, Qiu KQ, Fu WL. The surface modification of ZnOw
and its effect on the mechanical properties of filled
polypropylene composites. ] Compos Mater 2005;39:
1931-41.

[21] MengF, Zhao R, Zhan Y, Liu X. Design of thorn-like
micro/nanofibers: fabrication and controlled morphology for
engineered composite materials applications. ] Mater Chem
2011;21:16385-90.

[22] Ma XY, Zhang WD. Effects of flower-like ZnO nanowhiskers
on the mechanical, thermal and antibacterial properties of
waterborne polyurethane. Polym Degrad Stab
2009;94:1103-9.

[23] Nguyen XH, Lee YB, Lee CH, Lim DS. Synthesis of sea urchin
like particles of carbon nanotubes directly grown on
stainless steel cores and their effect on the mechanical
properties of polymer composites. Carbon 2010;48:2910-6.

[24] Liu F, Wang R, Cheng, Jiang X, Zhang Q, Zhu M. Polymer
grafted hydroxyapatite whisker as a filler for dental
composite resin with enhanced physical and mechanical
properties. Mater Sci Eng C 2013;33:4994-5000.

[25] LiuJ, LiK, Wang H, Zhu M, Xu H, Yan H. Self-assembly of
hydroxyapatite nanostructures by microwave irradiation.
Nanotechnology 2005;16:82-7.

[26] Cefaly DFG, Franco EB, Mondelli RFL, Francisconi PA, Navarro
MF. Diametral tensile strength and water sorption of
glass-ionomer cements used in atraumatic restorative
treatment. ] Appl Oral Sci 2003;11:96-101.

[27] Della Bona A, Benetti P, Borba M, Cecchetti D. Flexural and
diametral tensile strength of composite resins. Braz Oral Res
2008;22:84-9.


dx.doi.org/10.1016/j.dental.2014.10.003
http://dx.doi.org/10.1016/j.dental.2014.10.003
http://dx.doi.org/10.1016/j.dental.2014.10.003
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0005
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0010
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0015
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0020
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0025
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0030
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0035
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0040
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0045
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0050
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0055
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0060
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0065
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0070
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0075
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0080
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0085
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0090
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0095
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0100
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0105
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0110
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0115
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0120
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0125
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0130
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0135

1368

DENTAL MATERIALS 30 (2014) 1358-1368

(28]

[29]

(30]

Wang Y, ShiJ, Han L, Xiang F. Crystallization and mechanical
properties of T-ZnOw/HDPE composites. Mater Sci Eng A
2009;501:220-8.

ShiJ, Wang Y, Liu L, Bai H, Wu J, Jiang C, et al. Tensile
fracture behaviors of T-ZnOw/polyamide 6 composites.
Mater Sci Eng A 2009;512:109-16.

Zhu J, Peng H, Rodriguez-Macias F, Margrave JL,
Khabashesku VN, Imam AM, et al. Reinforcing epoxy
polymer composites through covalent integration of

(31]

(32]

functionalized nanotubes. Adv Funct Mater 2004;14:
643-8.

Deb S, Wang M, Tanner KE, Bonfield W. Hydroxyapatite
polyethylene composites: effect of grafting and surface
treatment of hydroxyapatite. ] Mater Sci Mater Med
1996;7:191-3.

Xu HHK, Martin TA, Antonucci JM, Eichmiller FC. Ceramic
whisker reinforcement of dental resin composites. ] Dent
Res 1999;78:706-12.


dx.doi.org/10.1016/j.dental.2014.10.003
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0140
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0145
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0150
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0155
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160
http://refhub.elsevier.com/S0109-5641(14)00636-8/sbref0160

	Mechanical properties of dental resin/composite containing urchin-like hydroxyapatite
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Silanization
	2.3 Preparation of dental resin composites
	2.4 Characterization and evaluation
	2.4.1 X-ray diffraction
	2.4.2 Fourier transform infrared spectroscopy (FTIR) analysis
	2.4.3 Thermogravimetric analysis
	2.4.4 Morphology
	2.4.5 Mechanical properties
	2.4.6 Statistical analysis


	3 Results and discussion
	3.1 Characterization of UHA
	3.2 Mechanical properties of dental resin composites
	3.3 Surface morphology of fractured composites

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


