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Abstract

Development of bioactive glass and ceramic scaffolds intended for the reconstruction of large
segmental bone defects remains a challenge for materials science due to the complexities involved
in clinical implantation, bone-implant reaction, implant degradation and the multiple loading
modes the implants subjected to. A comprehensive evaluation of the mechanical properties of
inorganic scaffolds and exploration of new ways to toughen brittle constructs are critical prior to
their successful application in loaded sites. A simple and widely adopted approach involves the
coating of an inorganic scaffold with a polymeric material. In this work, a systematic evaluation of
the influence of a biopolymer, polycaprolactone (PCL), coating on the mechanical performance of
bioactive glass scaffolds was carried out. Results from this work indicate that a biopolymer PCL
coating was more effective in increasing the compressive strength and reliability of the glass
scaffold under compression, but less effective in improving its flexural strength or fracture
toughness. This is the first report that reveals the limited successfulness of a polymer coating in
improving the toughness of strong scaffolds, suggesting that new and novel ways of toughening
inorganic scaffolds should be future research directions for scaffolds applied in loaded sites.
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1. Introduction

The repair of large segmental bone defects resulting from trauma, inflammation and
pathology is a common yet challenging clinical problem 1:2. Despite high success rate of
traditional autograft and allograft approaches, they both suffer from limitations such as
donor site morbidity, limited supply, possible transmission of diseases, and high costs 3~/
Recent clinical practices using a tissue engineering approach by implanting a bone marrow
stroma-seeded porous hydroxyapatite (HA) scaffold in patient long bone defects (4-6 cm in
length) demonstrate a significant improvement in the repair of load-bearing bone sites 1.8:9.
A complete fusion between the implant and the host bone is found 5 to 7 months after
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surgery and good integration is maintained in all the follow-ups (up to 7 years postsurgery)
8. However, the low resorption rate of porous HA scaffolds and low mechanical strength are
among the challenges for their uses in clinical practices &. The development of resorbable
constructs with high mechanical strength is a prerequisite prior to their extensive
applications in clinical practices.

In addition to calcium phosphate-based bioactive ceramics, bioactive glass also has received
wide interest as an attractive scaffold material due to its excellent bioactivity, controllable
degradation rate and ease in densification via a viscous flow sintering 1911, Recent progress
in the advanced fabrication techniques such as freeze casting and solid freeform fabrication
(SFF) is paving the way to the development of highly strong and porous glass scaffolds that
can be applied to load-bearing sites 12-15, Utilizing a direct ink writing technique, glass
scaffolds with a compressive strength in the range of both trabecular and cortical bones are
successfully created 12.13.16-19 Considering the complexity of the loading modes during
normal physiological activities, a simple measure of the compressive strength of scaffolds is
not sufficient to evaluate their mechanical performances for application in loaded bone sites.
However, in most cases this is not well appreciated by material scientists/researchers who
generally take compressive strength as a primary screening test for scaffold selection 12:20,

Additionally, bioactive glass and ceramic scaffolds are brittle, so the quantification of their
brittle behavior and evaluation of their mechanical reliability are also of importance.
Attempts have been made toward the development of tough composite scaffolds by coating
bioactive glass and ceramic scaffolds with a thin biodegradable polymer such as poly(D,L-
lactic acid), PDLLA, poly(3-hydroxybutyrate), P(3HB), alginate, polycaprolactone, PCL,
and polyvinyl-alcohol, PVA 21-27_ The work of fracture of the coated scaffolds is found to be
significantly improved due to the presence of fibril extension and crack bridging. However,
unlike fracture toughness, work of fracture is not a true materials property and can only be
used for comparison within a given study. Furthermore, the scaffolds in the reported studies
are fabricated using a polymer foam replication technique, which generally produces weak
scaffolds intended for non-loaded bone sites 212528 The successfulness of polymer
coatings in toughening strong scaffolds (strength close or comparable to that of human
cortical bone) remains unclear.

In this work, a comprehensive evaluation of the impact of a polymer coating, PCL, on the
mechanical performances of a periodic bioactive glass (13-93) scaffold prepared by a direct
ink writing technique was carried out. Mechanical properties including compressive
strength, flexural strength and fracture toughness were measured, while their mechanical
reliability was analyzed using a Weibull distribution.

2. Experimental Section

2.1 Preparation of glass scaffolds

Scaffolds of 13-93 glass (composition (wt%): 53% SiO,, 6% Na,0, 12% K,0; 5% MgO,
20% CaO, and 4% P,0s) were prepared using a direct ink writing technique described in
detail elsewhere 1316, In brief, glass inks containing 40 vol% particles were prepared by
mixing glass particles in a 20 wt% Pluronic® F-127 solution with water as a solvent and
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homogenized at 0°C for 12 hours. Glass scaffolds were fabricated by printing the inks
through a 250 um nozzle (EFD precision tips, EFD, East Providence, RI) using a robotic
deposition device (RoboCAD 3.0, 3-D Inks, Stillwater, OK). After printing, the scaffolds
were air-dried for 24 hours and subjected to a controlled heat treatment to decompose the
organics and sinter the glass particle into dense rods. The green samples were heated at
1°C/min to 600°C in flowing O gas, and then at 5°C/min to 700°C, and kept for one hour.

To determine the impact of a biopolymer coating on the mechanical performances of the
sintered glass scaffold, a thin PCL coating was applied by infiltrating the polished scaffold
four times with a 5.0% PCL in 1,4-dioxane. After infiltration, samples were placed on a
Kimwipes® paper to remove the excess solution and dry in air.

2.2 Characterization of glass scaffolds

The porosity of the as-sintered and PCL-coated glass scaffolds was measured using the
Archimedes method. Scanning electron microscopy, SEM, (Hitachi S-4300, Tokyo, Japan)
was used to observe the microstructure of the scaffolds. The samples were sputter-coated
with Au and examined at an accelerating voltage of 10 kV.

Synchrotron X-ray micro-computed tomography (SR microCT) was used to obtain a 3-D
perspective of the scaffold. Scanning was conducted at the Advanced Light Source (ALS-
LBNL, Berkeley, CA) with 22 keVV monochromatic X-rays and a 4.4 um voxel size
(resolution). The data sets were reconstructed using the software Octopus and the 3-D
visualization was performed using Avizo™ software.

2.3 Mechanical performances

The compressive strength of the glass scaffolds was measured by performing uniaxial tests
on cubic blocks (3 x 3 x 3 mm) cut from the sintered specimens using a low-speed diamond
saw. Surface grinding was conducted on the blocks to ensure that the two tested ends were
flat and parallel. Polished specimens were checked using an optical microscope to make sure
surfaces are free of visible flaws. Samples were compressed in the direction parallel to the
pore orientation on a servo-hydraulic testing machine (MTS810, MTS Systems, Eden
Prairie, MN) at a crosshead speed of 0.5 mm/min. Twenty samples were tested to get
statistically reliable values for each group and three replica groups were measured.

The flexural strength was measured using a three-point bending method. Beam specimens
(3%x3x25 mm) were cut from a large sample using a low-speed diamond saw and finished on
a surface grinder. Strength tests used a support span L of 15 mm and a crosshead speed of
0.5 mm/min in general accordance with the American Society for Testing and Materials
(ASTM) standard 2°. Similar as compressive testing, the load was applied in the direction
parallel to the pore orientation for bending tests. Same number of test specimens were used
as those for compressive strength measurement.

Fracture toughness, Kjc, was determined using the three-point bending test on single edge
notched beam (SENB) specimens (3 x 3 x 25 mm) over a 15 mm span. A thin notch (< 200
um) of approximately 1.3 mm deep was machined at the midpoint of one 25 mm edge
according to a procedure specified by an ASTM standard 30. The notch was made
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perpendicular to the pore orientation and through the rods rather than in the middle of a
single rod to reduce the variations for the test. The load was applied in the direction parallel
to the pore orientation. Samples were tested with a crosshead speed of 0.5 mm/min, in
general accordance with an ASTM standard 3C. Fracture toughnes, Kic, is determined by the
following equation:

_(PmaXSOIO“‘ 3(a/W)Y/?
c=Y Bw3/2 2(17G/W)3/2 (3)

K

where ais the crack (or notch) length, Wis the top to bottom dimension of the test specimen
parallel to the crack length (depth), gis the function of the ratio a/W for three-point flexure
30, p..xis the maximum force applied, Spis the outer span is the specimens, and B s the
side to side dimension of the test specimen perpendicular to the crack length.

The reliability or the probability of failure of brittle materials is quantified by a probability
function proposed by Weibull and specified by ASTM 3132 which is applicable to failure
occurring from critical flaws. The Weibull distribution is given as a cumulative distribution
function 31.32;

o . m

B=t-enl-()"

where Pris the probability of failure at a stress o, og is Weibull characteristic strength, and
m is the Weibull modulus (or the shape parameter). Weibull modulus, m, is obtained from
the plot of /nf-In(1-p)] versus Inao, the slope of which gives the /7 value. A higher Weibull
modulus indicates a tight strength distribution and therefore a more reliable material.
Characteristics strength, oy, is estimated to be the strength that corresponds to a Prof 63.2%,
or a value zero for /n/-In(1-p)].

To evaluate Prthe following equation is used 32:

where Nis the total number of specimens tested and 7is the specimen rank in ascending
order of failure stress. To get an unbiased estimate of the failure probability, the
recommended number of specimens is between 20 and 30 3234,

Statistical analysis was performed on test results with one-way analysis of
variance(ANOVA) followed by a Tukey’s post hoc test, with the level of significance set at p
< 0.05.
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3. Results

3.1 Scaffold microstructure

A 3-dimensional visualization of the scaffold reveals a periodic structure composed of a
sintered glass lattice and interconnected open porosity (Figure 1a). Two types of pores were
observed in the scaffolds: large square pores with a width of 200 pm within each layer and
small rectangular pores of 200 x 60 um between adjacent layers (Figure 1b and c). A smooth
strut surface with few closed pores was observed, indicating the densification via a viscous
flow sintering. An open porosity of 50% + 5 was measured using the Archimedes method.
After applying a thin PCL coating, no noticeable change in microstructure or porosity was
observed in coated scaffolds compared with those without coating (Figure 2). Small pores (<
20 pm) on surfaces were filled with PCL while larger pores remained open (Figure 2b). The
thickness of the PCL coating was less than one micron based on the measurement of the
fractured cross sections in coated samples.

3.2 Mechanical strength and reliability

Compressive and flexural strengths of 13-93 glass scaffolds with and without PCL coating
were tested. The stress-strain curve of the scaffolds under compression is shown in Figure 3.
The data are engineering stresses and strains, based on the initial cross-sectional area and
length of the test sample, and do not represent the true stresses and strains. Due to the small
sample geometry (3 x 3 x 3 mm) there were seven unit cells in the shortest dimension.
However, the strength values from this work were compared to those obtained on cylinder
specimens (8 mm in diameter x 10 mm in length) 3°, indicating the sample geometry did not
have a big impact on the strength in this glass scaffold.

A typical brittle behavior with a catastrophic failure mode was observed for the 13-93 glass
scaffold under compression. On the other hand, PCL-coated scaffold shows a gradual failure
mode with a high strain tolerance. The coated scaffold held its shape after the peak stress
was achieved. No shatter of the scaffold was observed and the increasing compression load
at above 70% strain was due to the densification of the scaffold.

Two trends were observed in the stress-strain curve under compression. First, the peak
strength of the PLC-coated scaffolds was about 25% higher than that of uncoated scaffold.
The stretching of PCL fibril observed in the fractured scaffold were indications of its crack
shielding effect (Figure 3b). Second, the work of fracture (area under the stress-strain curve)
of the PCL-coated glass scaffold (calculated based on 5% strain) was about 4 times that of
the uncoated scaffold, indicating the creation of a relatively tougher composite scaffold. The
stretched PCL fibril also helped keep the shape of the broken scaffold, which improved its
toughness under compression load.

The influence of the PCL coating on the compressive strength of 13-93 glass scaffold is
more clearly evidenced in Figure 4, which shows the Weibull strength distributions and
logarithmic plots for compression. A tighter strength distribution and increased Weibull
characteristic strength (the strength corresponding to a Prof 63.2%) from 80 + 10 to 102
+ 11 MPa were observed in Figure 4a. Furthermore, the Weibull modulus, 6.0 £ 0.5 for
uncoated and 13.0 + 1.0 for PCL-coated glass scaffold, was doubled by applying a surface
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polymeric coating (Figure 4b), indicating a much higher reliability of the latter. The strength
values are much higher than those fabricated using traditional techniques, such as sol-gel,
polymer foam replication and porogen, which generally fall within the range of that for
trabecular bone (2-12 MPa) 12. The compressive strengths are also close to or in the lower
range of cortical bone (100-150 MPa), indicating their potential applications in load-bearing
sites (Figure 5).

The stress-strain curve of PCL-coated and uncoated glass scaffold under bending is shown in
Figure 6a. Both scaffolds exhibited a brittle behavior with a catastrophic failure after peak
load under bending. The PCL coating did not significantly improve the brittle failure
behavior, although the work of fracture was increased by 4 times. The stretching of PCL
fibril was also observed as shown in Figure 6b, similar to those present during the
compression of the scaffold (Figure 3b). However, this thin polymeric coating (1 um)
showed little success in increasing the strength or reliability of scaffold under bending. A
comparable Weibull strength distribution was observed for both uncoated and PCL-coated
scaffolds with a characteristic flexural strength of 40 £ 5 and 41 £ 6 MPa (Figure 7a). The
Weibull modulus, determined from the slope of the logarithmic plots for bending, was 5.3

+ 0.4 and 5.6 £ 0.5 for uncoated and PCL-coated scaffold, respectively (Figure 7b). The
flexural strength values (40 MPa) are much higher than those fabricated using traditional
techniques, such as sol-gel, polymer foam replication and porogen, which generally fall
within the range of that for trabecular bone (10-20 MPa) 12:20, However, they are also much
lower than that of cortical bone (135-193 MPa) (Figure 8). A summary of the mechanical
properties of both scaffolds is listed in Table 1.

toughness

Fracture toughness of brittle porous materials is analyzed using a continuum linear elastic
solution for the stress field in front of a crack tip by assuming that crack length is much
larger than the cell size 3637, The fracture toughness, K¢, of both uncoated and PCL-coated
scaffolds were tested on pre-cracked beam test specimens and calculated using Equation (3),
in accordance with ASTM 30,

The K values for both scaffolds were essentially the same, 0.8 + 0.2 MPa-m¥/2, which is in
the range of values for glass (0.5-1 MPa-m/2). In the uncoated scaffold, the cracks followed
a tortuous path and tend to propagate along the joints of adjacent glass struts (Figure 9b),
which was the weakest part in the scaffold. The load from prior layer(s) of the struts during
scaffold preparation resulted in the deformation of the glass rods close to the joints (as
indicated by the white arrows in Figure 9a), which led to the formation of a weak interface
and an easy path for the crack propagation. A similar tortuous crack path was observed in
the PCL-coated scaffold after three-point bending test (Figure 9c). Although crack bridging
was observed in some fractured samples (Figure 9¢ and d), the thin PCL film did not show
significant toughening to the scaffold.

4. Discussion

For bone tissue engineering, both pore size and pore interconnectivity in scaffolds are
critical factors for cell adhesion, bone ingrowth and nutrient delivery, as indicated by animal
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studies and clinical practice 1:9:38, Scaffolds composed of interconnected porosity with a
mean diameter or width of 100 um or greater and open porosity >50% are generally
considered as the minimum requirements for the repair and reconstruction of bone defects
39-41 The pore size and pore interconnectivity in the glass scaffolds from this work are
satisfactory with regard to its application in the reconstruction of long-bone defects (Figure
1). To improve the toughness of brittle inorganic scaffolds, biopolymers are generally
combined with the inorganic materials to make a composite scaffold. The biopolymers like
PDLLA and PCL are approved by the Food and Drug Administration (FDA) for clinical
applications, so their biocompatibility is not a concern. Both in vitro and in vivo work
indicates the incorporation of PCL does not significantly impact the bioactivity of the
inorganic scaffolds 19:42-45,

In this work, the impact of a PCL coating on the strength, mechanical reliability and fracture
toughness of a bioactive 13-93 glass scaffold was investigated. All the mechanical tests in
this work were conducted by applying loads in the direction parallel to the pore orientation,
which was reported to produce a strength about 2.5 times the value when tested
perpendicularly in a bioactive glass scaffold 13:16, The PCL coating was found to be
effective in filling small pores on the surfaces of rods, and improving the strength and
reliability of the glass scaffold under compression. However, the improvement on the
flexural strength and reliability provided by the polymeric coating was minimal. These
findings are not all consistent with literature work. In particular, the limited capability of
PLC coating to increase the flexural strength is a first report in composite scaffolds. The
improvement in compressive strength and reliability (Weibull modulus) correspond well
with the ability of the PCL coating to fill some micro pores and possibly micro cracks
present at the surface of glass rods (Figure 2). In addition, the stretched polymer fibril was
able to keep the shape of the scaffold and lead to an increased work of fracture. These
findings, small increase in compressive strength and significant improvement in work of
fracture, were in good agreement with reported studies 12:2346, By coating a biphasic
calcium phosphate (BCP) scaffold with PCL, the compressive strength of macroporous BCP
scaffold is increased from 15.6 to 17.8 MPa and strain energy density (work of fracture) is
increased up to 10 times 46. The higher work of fracture is attributed to the toughening by
crack bridging by polymer fibrils. In another study, a poly(D,L-lacticacid) (PDLLA) coating
on a Bioglass®-based scaffold results in the increase of its compressive strength from 0.1-
0.4 to 0.2-0.7 MPa 22, However, it should be noted that most of the literature work is
conducted on glass and ceramic scaffolds composed of rods containing open porosity due to
incomplete densification. The micro pores in their rods result in a low mechanical strength,
generally in the range of that for trabecular bone. The formation of interpenetrating polymer-
ceramic microstructure can be achieved in this type of scaffolds due to the presence of micro
pores 2528 n contrast, the polymer infiltration into the inner part of rods cannot be obtained
in this work due to the densification of glass rods resulting from viscous flow sintering of
the glass powders, as shown in Figure 1. The polymer coating was applied only to the
surface of the rods with no deep penetration because of the lack of the micro porosity in the
densified struts, which makes the toughening mechanism such as polymer fibril bridging
observed in scaffolds with micro pores less effective 31. The limited improvement on
flexural strength and reliability indicates a thin PCL coating was not effective to prevent
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crack propagation in the scaffold under a tensile stress and the strength is mainly determined
by the intrinsic property of the rods.

Comparable fracture toughness values for both uncoated and PCL-coated glass scaffolds
provide additional evidence that a thin polymer coating is not effective in improving the
toughness of a brittle scaffold. This is contrary to the general recognition that the fracture
toughness of a porous glass or ceramic scaffold can be significantly improved by coating or
infiltration with a biodegradable polymer 21-2446:47 The increasing work of fracture in
compression and bending test is reported and considered as an indication of the creation of
“toughened” composite scaffold in literature 25. However, the results in this work reveal the
true fracture toughness is not be increased by a thin polymer coating. The increase of work
of fracture in compression or bending test observed in literature is most likely attributed to
the improved mechanical reliability resulting from elimination of micro cracks or micro
pores.

It should be noted that both flexural strength and fracture toughness were tested on
specimens prepared in accordance with ASTM test methods based on dense ceramic
materials, while porosity is required in scaffolds. In both tests, less than 10 unit cells were
present in the shortest dimension, which may have negative impact on the tested values.

Although a polymer coating on the surface of scaffolds is not an effective way to improve
toughness of brittle ceramic materials, efforts are being made to explore new and novel
approaches to develop tough organic/inorganic composites 1148-55, With the inspiration
from mineralized composites such as bone, dentin and nacre, engineered polymer/ceramic
composites with a “brick and mortar” structure and high fracture toughness similar to that of
nacre were developed 48. Additionally, sol-gel hybrid scaffolds were developed by
introducing a degradable polymer in the sol stage to form interlocking polymer chains at
molecular level 11, Despite these advances, compromises always have to be made amongst
porosity, strength, bioactivity and degradation, especially for scaffolds intended for use at
loaded sites.

5. Conclusions

The influence of a biopolymer, polycaprolactone (PCL), on the mechanical performance of
the bioactive 13-93 glass scaffold prepared using a direct ink writing technique was
investigated. Both compressive strength and reliability of the glass scaffold were improved
by applying a thin coating on its surface, which may be due to the filling of the micro pores
and micro cracks on the glass struts. However, no significant improvement in flexural
strength and fracture toughness was observed, suggesting that a thin polymeric coating was
not able to provide sufficient toughening mechanisms. Results from this work reveal that a
polymer coating is more effective in increasing the scaffold strength and reliability in
compression but less effective in improving its flexural strength or toughness.
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Figure 1.
Periodic bioactive glass (13-93) scaffolds created using a direct ink writing technique. (a) A

3-dimensional view of glass struts using synchrotron X-ray tomography and SEM images
showing the detailed structure of the scaffold: (b) a top view of the scaffold and (c) a cross
sectional view of the scaffold.
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Figure 2.
SEM images showing cross sections of a bioactive glass (13-93) scaffolds: (a) polished and

un-coated surfaces and (b) polished and PCL-coated surfaces. White arrows indicate the
micro pores filled by the PCL coating.
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(a) Stress-strain curve of the scaffold under compression along the pore orientation, inset
showing the gradual failure of the PCL-coated scaffold; (b) SEM image of a fracture surface

in PCL-coated scaffold after compression test.
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(a) Weibull distribution of compressive strength of uncoated and PCL-coated glass scaffolds;
(b) logarithmic plots for compressive strength values of both scaffolds.
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Figure 5.
A comparison of compressive strength of bioactive glass in this work with those reported in

literature 12.
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Figure 6.
(a) Stress-strain curve of the scaffold under 3-point bending; (b) SEM image of a fracture

surface in PCL-coated scaffold after bending test. Insets showing the stress-strain curve at a
small strain level and the loading direction relative to the pore orientation during the test.
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(a) Weibull distribution of flexural strength of uncoated and PCL-coated glass scaffolds; (b)
logarithmic plots for flexural strength values of both scaffolds
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A comparison of flexural strength of bioactive glass in this work with those reported in

literature 12.
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Figure 9.
(a) A 3-dimensional view of the joining of adjacent glass struts using synchrotron X-ray

tomography; (b) crack propagation path in a pre-cracked un-coated glass scaffold; (c) crack
propagation path in a pre-cracked PCL-coated glass scaffold; (d) PCL fibril elongation in
coated glass scaffold after bending test.
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Table 1

Mechanical strength, toughness and reliability of uncoated and PCL-coated 13-93 glass scaffold. Significant
difference was observed in compressive strength between uncoated and PLC-coated scaffolds, but not in
flexural strength or fracture toughness. Statistical analysis with one-way analysis of variance(ANOVA)
followed by a Tukey’s post hoc test, with the level of significance set at p < 0.05.

Scaffold Uncoated 13-93 scaffold  PCL-coated 13-93 scaffold
Compressive strength, MPa 80+10 102 £ 11
Young’s modulus, GPa 47+05 3.9+04
Weibull modulus (compression) 6.0+0.5 13.0+1.0
Flexural strength, MPa 40+5 41+6
Weibull modulus (bending) 53+04 5.6+0.5
Fracture toughness (K,c), MPa-m*2 08+0.2 0.8+0.2

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 April 01.



	Abstract
	1. Introduction
	2. Experimental Section
	2.1 Preparation of glass scaffolds
	2.2 Characterization of glass scaffolds
	2.3 Mechanical performances

	3. Results
	3.1 Scaffold microstructure
	3.2 Mechanical strength and reliability
	3.3 Fracture toughness

	4. Discussion
	5. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1



