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Abstract A solid freeform fabrication technique, freeze

extrusion fabrication (FEF), was investigated for the cre-

ation of three-dimensional bioactive glass (13–93) scaf-

folds with pre-designed porosity and pore architecture. An

aqueous mixture of bioactive glass particles and polymeric

additives with a paste-like consistency was extruded

through a narrow nozzle, and deposited layer-by-layer in a

cold environment according to a computer-aided design

(CAD) file. Following sublimation of the ice in a freeze

dryer, the construct was heated according to a controlled

schedule to burn out the polymeric additives (below

*500�C), and to densify the glass phase at higher tem-

perature (1 h at 700�C). The sintered scaffolds had a grid-

like microstructure of interconnected pores, with a porosity

of *50%, pore width of *300 lm, and dense glass fila-

ments (struts) with a diameter or width of *300 lm. The

scaffolds showed an elastic response during mechanical

testing in compression, with an average compressive

strength of 140 MPa and an elastic modulus of 5–6 GPa,

comparable to the values for human cortical bone. These

bioactive glass scaffolds created by the FEF method could

have potential application in the repair of load-bearing

bones.

1 Introduction

With an improved lifestyle and increased life span, the

aging population disproportionately suffers from weakened

bones and bone diseases. Bone diseases such as osteopo-

rosis decrease the rate of bone remodeling, making weak

bones prone to failure even during minor accidents. Current

treatment methods such as bone autografts and allografts

suffer from limitations, such as limited supply, danger

of inflammatory response, and disease transfer. Metal

implants are a substitute for natural grafts since they can be

sterilized to avoid infection risk, and can be manufactured

in sufficient quantity.

Metal implants bear a significant portion of working

stresses and stop the natural process of bone remodeling by

destroying its stimulus [1]. Mismatch between the stiffness

of a metal graft and natural bone presents a danger of

dislocation from surrounding bone under bending loads [2].

Metal implants often require replacement surgery after

15–20 years and some studies have cited their early failure

[3]. Moreover, ‘pseudotumours’ due to the accumulation of

soft tissue mass have been reported at the metal-hip

resurfacing site [4]. With approximately 4 million implants

expected by 2025 in the USA alone, the limitations of

metal grafts for repairing bone defects provide a strong

need for an alternative solution.

Tissue engineering can provide a better solution to this

problem by regenerating natural bone using a surgically

implanted porous, three-dimensional (3D) scaffold at the

defect site [5]. With the advent of biologically active materi-

als, scaffold materials are no longer restricted to function with

only a minimal immune response but they are also designed to

create a suitable environment for tissue growth [6–9].

Scaffold materials to be implanted in the human body

are required to be biocompatible for minimal immune
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reaction. Metals find very limited use in tissue engineering

because of their bioinert nature. Natural polymers such as

collagen, chitosan, hyaluronic acid, and alginate provide

minimal problems with toxicity and inflammatory reac-

tions, but variability in their properties and the need for

room temperature fabrication can be limitations. The use of

natural polymers and biodegradable synthetic polymers

such as poly(glycolic acid), poly(lactic acid), poly(lactic

co-glycolic acid), and polycaprolactone is limited to

keeping minimum immune response [10, 11], but they lack

bioactive properties for enhanced tissue growth.

Bioactive materials produce specific reactions when

placed in contact with the body fluids and in the presence

of suitable environmental conditions, leading to the for-

mation of a hydroxyapatite-like surface layer that bonds

strongly with bone and soft tissues [12, 13]. Hydroxyapa-

tite (HA), synthetic or natural, is a widely studied bioactive

material because of its osteoconductive nature. Third-

generation bioactive materials, such as bioactive glass, are

osteoconductive as well as osteoinductive. The silicate

bioactive glass designated 45S5 has been reported to acti-

vate various families of genes through the release of Si, Ca,

P and Na ions during its conversion to a HA-like material

[12]. This gene activation is responsible for the upregula-

tion of signaling factors which ultimately control the pro-

duction of cell binding proteins, collagen, osteoblast cell

cycle, and controlled cell apoptosis. The use of bioactive

glass leads not only to the formation of a strong bond with

the host bone but also to the stimulation of local tissue

repair required for bone regeneration through rapid dif-

ferentiation and proliferation of osteoblasts. Based on these

advantages, bioactive materials and, in particular, bioactive

glass are attractive candidate scaffold materials for bone

repair.

While the most common method of producing a glass is

melting and casting, this method cannot normally be used

for the creation of 3D scaffolds because it provides very

limited control of the pore architecture. Fabrication meth-

ods commonly used for the creation of bioactive glass

scaffolds often use particles as starting materials, which

are formed into the desired geometry and heated (sintered)

to bond the particles into a strong glass network and

interconnected pores. These methods include sintering of

particles or short fibers, polymer foam replication, freeze

drying, and phase separation. Polymer foam replication has

been successfully used to fabricate scaffolds with a

microstructure and strength similar to human trabecular

bone [14], while unidirectional freezing of bioactive glass

suspensions has been used to create scaffolds with oriented

pores [15]. Other processing methods include sol–gel

processing [16], solvent casting and particulate leaching

[17], thermally induced phase separation, and micro-sphere

sintering [18].

Solid freeform fabrication (or additive manufacturing)

methods provide better control of the scaffold architecture

than conventional methods. They have the potential for

creating mechanically strong scaffolds with reproducible

properties by improved control of the scaffold micro-

structure, such as porosity, pore size, pore size distribution,

and pore orientation. Freeze extrusion fabrication (FEF) is

an additive manufacturing process in which a paste is

extruded through a narrow orifice and deposited layer-

by-layer according to a designed computer-aided design

(CAD) model. Freezing the deposited filaments in a cold

environment reduces the tendency for distortion and

slumping of the structure. FEF typically uses aqueous

pastes and small quantities of organic binder (\5–10

vol%).

The objective of the present study was to investigate the

use of FEF for the creation of 3D scaffolds of silicate

13–93 bioactive glass with a pre-designed porosity and

pore architecture for potential bone repair applications.

This bioactive glass was selected because products of this

glass are approved for in vivo use in the US, Europe, and

elsewhere. The major focus areas of this work were the

development of an extrudable paste for the FEF method,

determination of the FEF process variables, microstructural

characterization of the fabricated scaffolds, and mechanical

evaluation of the scaffolds.

2 Experimental procedure

2.1 FEF equipment

The FEF equipment consists of three subsystems (Fig. 1).

A 3D gantry system facilitates the movement of a ram

extrusion mechanism. Motion of the ram extruder is

facilitated in the X, Y and Z directions using Velmax

BiSlide orthogonal linear slides each with 250 mm travel.

Two slides (in the X-axis) working in a master–slave

fashion form the base of the fabrication setup. It supports

the weight of the complete ram extruder assembly. The

Y-axis slide is mounted on the two X-direction slides.

The ram extruder assembly (in the Z-axis) is mounted on

the Y-axis. All four slides are powered by Pacific Scientific

PMA22B motors with 2.54 lm resolution for position

feedback. Motion of the ram extruder is controlled by a

delta-tau turbo programmable multi-axis controller. Ram

movement is facilitated by a Kollmorgen AKM23D DC

motor with a resolution of 0.254 lm, while the ram force

during extrusion is measured by an Omega LC305-1KA

load cell with a resolution of 2.2 N. The force signal

(limited to ±250 mV) is sent to a delta-tau ACC28 board

for feedback control of the extrusion process to provide a

constant force of extrusion.
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The 3D gantry is housed in an enclosure with a tem-

perature control system to allow freezing of the extruded

structure. Liquid nitrogen assisted cooling is used to pro-

vide freezing temperatures within the enclosure, and an

Omega CN 132 temperature controller maintains freezing

temperatures down to -30�C. The paste holder consists of

a stainless steel sleeve and a plastic syringe fitted with a

twist-on hypodermic needle. The paste holder is enclosed

in a heating sleeve with an Omega DP7002 temperature

controller to prevent the paste from freezing in the

syringe.

The extruder ram is connected to the syringe for forced

extrusion of the paste. Hypodermic needles with 580 lm

nozzles were used for all fabrication experiments in this

work. The designed CAD model is sliced in layers, and

each layer is deposited on the previous layer by moving up

the nozzle by one layer thickness in the Z-direction. The

process continues until the desired ‘green part’ is created

(Fig. 1).

For the creation of scaffolds with controlled porosity,

the scaffold geometry was designed using the NX5

modeling software. The CAD model was exported in STL

format, and the software package ‘Insight’ was used to

design the scaffold’s internal architecture with desired

dimensions, raster patterns and pore size. Pores were

designed by specifying the angle between two successive

layers as 90� for all fabricated scaffolds. Pore size was

varied by varying the distance between two adjacent lines

of deposition.

2.2 Preparation of 13–93 bioactive glass paste

The bioactive glass (13–93) was kindly provided by

Mo-Sci Health Care LLC, Rolla, Missouri. The as-received

glass, prepared by conventional melting and casting, was

crushed using a SPEX SamplePrep crusher (Model 8500,

Metuchen, NJ), and attrition milled for 2.5 h using

de-ionized water and ZrO2 grinding media. The particle

size distribution of the attrition milled glass was measured

using a laser diffraction-based particle size analyzer

(Model LS 13 320; Beckman Coulter Inc., Fullerton, CA).

The attrition-milled slurry was dried and the dried glass

powder was sieved through a 106 lm stainless steel sieve.

An extrudable paste for FEF was prepared as follows.

First, a slurry was prepared by ball milling of a mixture of

bioactive glass particles, de-ionized water, and appropriate

quantities of polymeric additives (binder, dispersant, and

surfactant) for 24 h using Al2O3 grinding media. The

composition of the starting mixture is given in Table 1.

Next, the ball-milled slurry was converted to a paste with

the required viscosity by heating the slurry for 70 min at

65�C to evaporate some liquid (weight loss = 4%). The

paste was vacuum mixed for 30–45 s (WhipMix Vacuum

Power Mixer Plus; WhipMix Corporation, Louisville, KY),

and transferred to a 60 cc plastic syringe. Extrusion trials

were carried out using the paste of this composition to

determine if it could be used to fabricate different profiles

requiring extrusion on demand (i.e., start and stop of

extrusion as desired). The extrusion process was observed

for paste consistency and the amount of binder was

increased in the subsequent compositions to achieve uni-

form filaments of material. The extrusion force was

determined experimentally by observing the nature of the

extrudate at different forces.

The paste composition and extrusion force which

showed consistent extrusion were used for multilayered

scaffold fabrication. Paste discharge through the nozzle

was measured for steady-state extrusion and the viscosity g
was determined using the equation:

g ¼ pR4P

8LQ
ð1Þ

where R is the nozzle diameter (2 mm), L is the length of

the nozzle opening (20 mm), Q is the discharge rate (mm3/s)

and P is the extrusion pressure (Pa). The paste viscosity

was measured as a function of extrusion force in order to

study the paste behavior at different extrusion forces.

2.3 Post-processing of as-formed FEF part

The as-formed FEF article was freeze dried to sublime the

ice, then heated to burn out the polymer additives and to

Fig. 1 Steps in the creation of a bioactive glass scaffold with a

predesigned, grid-like microstructure by freeze extrusion fabrication

(FEF): (a) computer-aided design (CAD) model of the part to be built;

(b) photograph of gantry system and syringe in FEF machine; (c) as-

formed part; (d) scaffold after post-processing steps (freeze drying,

binder burnout, and sintering)
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sinter the glass particles into a dense interconnecting net-

work. The development of the binder burnout schedule

(Table 2) was based on the thermogravimetric analysis

(NETZSCH Model STA 409) of the bioactive glass paste at

a heating rate of 2�C/min in air. After the binder burnout

step, the constructs were sintered for 1 h at 700�C (heating

rate = 5�C/min).

2.4 Characterization of bioactive glass scaffolds

Scanning electron microscopy, SEM (S-4700; Hitachi,

Tokyo, Japan) was used to observe the microstructure and

fractured cross-sections of the as-formed scaffolds and the

sintered scaffolds. X-ray diffraction (XRD–Philips PAN-

analytical X-Pert) was used to analyze for the presence of

any crystalline phases in the starting bioactive glass parti-

cles and in the sintered scaffolds. XRD was performed

using copper Ka radiation (k = 0.15406 nm) at a scanning

rate of 0.01� 2h/min in the range 3–90�.

The compressive strength and elastic modulus of the

sintered scaffolds were measured using an Instron testing

machine (Model 4204; Instron Corp., Norwood, MA).

Cube-shaped specimens (5 mm 9 5 mm 9 5 mm) were

cut from the central portion of the sintered scaffolds (to

minimize edge effects of the scaffolds) and tested at a

deformation rate of 0.2 mm/min. Six samples were tested

to determine a mean value ± standard deviation.

3 Results

Figure 2a shows the size distribution of the attrition milled

bioactive glass particles used in this work. The particle size

varied from *0.4 to *15 lm, with a mass median

diameter, D50, of 2.1 lm. SEM showed that the particles

had an angular shape, typical of brittle particles prepared

by milling (Fig. 2b).

Extrusion trials of the initial bioactive glass paste

composition through the FEF syringe did not show uniform

and consistent extrusion. Frequent curling of the extrudate

and clogging of the nozzle were frequently observed. By

increasing the binder content of the paste (Aquazol 50),

and adding a plasticizer, poly(ethylene glycol), and glyc-

erol to prevent the formation of ice during the extrusion,

consistent extrusion of filaments was achieved. Figure 3

shows examples of non-consistent, non-uniform extrusion

with the initial paste composition, and significantly

improved extrusion with the modified composition.

Henceforth, the modified paste composition given in

Table 1 was used.

The change in paste viscosity with extrusion force is

shown in Fig. 4. The data show an initial increase in vis-

cosity with increasing extrusion force, presumable caused

by the removal of excess liquid at the beginning of the

extrusion. It was found necessary to remove the excess

liquid before each scaffold fabrication run. The pores in the

scaffold were fabricated by specifying gaps between the

adjacent paths of the filaments and alternating the direction

of deposition for successive layers. If the initial free

extrusion was not carried out to remove the excess liquid,

the gaps between the adjacent paths were not maintained,

resulting in a solid structure with inaccurate fabrication.

Figure 5 illustrates the difference in the first layer deposi-

tion before and after removal of the excess liquid.

Following the initial increase, there was a decrease in the

paste viscosity with increasing extrusion force (Fig. 4).

Paste flow through the nozzle was facilitated by lower

viscosity as a result of higher shear stresses due to extru-

sion force. The presence of a plasticizer (PEG-400) also

Table 1 Composition of starting slurry used in the preparation of the extrudable paste for freeze extrusion fabrication

Component Concentration (vol%) Function Manufacturer

13–93 Glass particles 40.00 Solid phase Mo-Sci Corp., Rolla, MO

EasySperse 0.50 Dispersant ISP Technologies, Inc., Wayne, NJ

Surfnol 0.50 Defoamer Air Products & Chemicals, Inc., Allentown, PA

Glycerol 1.00 WCCA Alfa Aesar, Ward Hill, MA

PEG 400 1.00 Lubricant Alfa Aesar, Ward Hill, MA

Aquazol 5 4.00 Binder ISP Technologies, Inc., Wayne, NJ

Deionized water 53.00 Solvent –

WCCA water crystallization control agent

Table 2 Binder burnout schedule used for the 13–93 bioactive glass

scaffolds formed in this work by freeze extrusion fabrication

Starting

temperature (�C)

Ending

temperature (�C)

Heating rate

(�C/min)

Hold

period (h)

30 120 2 2

120 250 0.1 6

250 320 0.5 12

320 350 0.05 12

350 440 0.05 12

440 600 5 12
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improved the flow behavior of the paste. For robotic

deposition of thick pastes, it is well established that the

paste must flow smoothly through the deposition nozzle

and retain its shape after deposition on the work table [19–

23]. With the viscosity changes described, the modified

composition facilitated smooth flow through the nozzle and

also maintained the shape of the deposited profile.

Layer-by-layer scaffold fabrication was started after

achieving steady state extrusion. Environmental tempera-

ture was varied between –7 and –22�C depending on the

pore size in the scaffold. For smaller pores, gaps between

the adjacent paths were maintained with the help of lower

environmental temperature (–15 to –22�C). The nozzle tip

was cleaned after depositing every layer to ensure unob-

structed flow of paste, and the extrusion force used was in

the range of 200–250 N. Figure 6 shows an example of

a bioactive glass ‘green scaffold’ fabricated with a pore

size (width) of 600 lm. The scaffold dimension was

36 mm 9 30 mm 9 6 mm. Similar scaffolds with pore

widths of 800 lm of 1,000 lm were fabricated by

increasing the distance between the adjacent filaments.

Figure 7 shows a thermogravimetric curve (weight vs.

temperature) for the decomposition of the bioactive glass

paste. Noticeable changes in the slope of the curve

appeared to occur at approximately 80, 240, 320, 350 and

440�C. The low melting point polymers and residual water

are evaporated in the temperature range 80–120�C, glyc-

erol is evaporated in the range *120–170�C, and the

Fig. 2 (a) Particle size

distribution of 13–93 glass used

in the formation of the

extrudable paste; (b) SEM

image of the particles

Fig. 3 Examples of extruded filaments in FEF: (a) starting paste

showing non-uniform extrusion; (b) optimized paste with consistent

extrusion

Fig. 4 Dependence of paste viscosity on extrusion force

Fig. 5 Effect of removing excess liquid from the paste prior to

deposition of first layer: (a) without removal of excess liquid; (b) after

removal of excess liquid
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higher molecular weight polymers from *170–600�C.

Table 2 summarizes the binder burnout schedule used for

the scaffolds.

Figure 8 shows a sintered scaffold and its cross-section

(in the thickness direction). The average shrinkage in the

length, width and thickness of the scaffold was 28%, 24%,

and 20%, respectively. Pores of width 600 lm in the green

part (after formation by FEF) became *500 lm after

sintering, while pores of width 800 lm and 1,000 lm

became *700 lm and *900 lm, respectively, after sin-

tering. SEM images of the fractured cross-sections of the

green part and the sintered scaffold show that the glass

particles in the green part appeared to have a high packing

density (Fig. 9a, b), while the glass filaments in each layer

of the sintered scaffold were almost fully dense, with only

a few isolated pores (arrow), and well bonded to the fila-

ments in the adjacent layers (Fig. 9c).

The XRD pattern of the sintered glass scaffold was

similar to that of the starting glass particles (Fig. 10),

consisting of a broad band at *30� 2h, typical of an

amorphous glass [14]. This indicates that the amorphous

nature of the bioactive glass was maintained during the

binder burnout and sintering steps, with no observable

crystallization of the glass. For the six samples of the

sintered scaffolds tested, the compressive strength was

140 ± 70 MPa.

4 Discussion

The results of the present work showed the ability of the

FEF process for creating 13–93 bioactive glass scaffolds

with a predesigned grid-like microstructure, consisting of

dense glass filaments and interconnected pores. The pore

characteristics of the scaffolds (porosity = 50%; pore

width 300 lm) are known to be capable of supporting

tissue ingrowth, while the average compressive strength

(140 MPa) is in the range of values reported for human

cortical bone (100–150 MPa).

The high compressive strength obtained with these

13–93 bioactive glass scaffolds created by FEF can be

attributed to the ability to achieve a dense glass phase with a

uniform porous microstructure. The ability to achieve a

dense glass phase can, in turn, be attributed to three main

factors: (1) high packing density and homogeneous packing

of the glass particles in the as-formed green part; (2) fine

particle size of the glass powder, leading to a high driving

force for viscous flow sintering; and (3) favorable viscous

flow sintering characteristics of the 13–93 bioactive glass.

Using aqueous pastes in FEF might provide an advantage

over powder-based layer-by-layer manufacturing processes

such as selective laser sintering. Structural integrity and

strength in a layered additive manufacturing process

depends on adhesion between successive layers. In FEF, an

aqueous paste provides better mixing than partially wetting

pastes or powders at the contact area between two succes-

sive layers. This provides a strong bond resisting delami-

nation of the layers. Also, freezing the extruded filaments

helps the deposited structure to maintain its shape. During

the binder burnout and sintering, this contact is again

strengthened. The scaffold has a well-defined structure

of macro-pores. The interconnectivity of macro-pores

(Fig. 9a) is maintained during the green part fabrication and

the post processing. These macro-pores will allow exchange

of nutrients and waste for effective tissue in-growth.

Fig. 6 Optical images of

bioactive glass scaffold as

formed by FEF. (a) Whole

sample view and (b) magnified

image shows the uniform

structure

Fig. 7 Thermogravimetric analysis of paste used in FEF
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In FEF, freezing of the extruded filaments helps to

control the spread of the paste on the work table. The paste

is frozen as it is deposited thus providing a supporting base

for successively deposited layers. Other strategies reported

elsewhere to control the spread of paste on the work table

include the use of a volatile solvent in the paste. In this

case, the solvent is evaporated as the paste is deposited

thereby creating a solid region around the deposited profile

[24]. This method using the partial wetting of pastes is

believed to provide bonding between successive layers and

requiring less control over paste rheology [21]. With the

aqueous based pastes in FEF, a more robust contact

between the successive layers is obtained providing a better

bonding between successive layers.

Scaffolds for bone tissue engineering are required to

have open porosity of at least 50% [7, 9, 25–28]. While

different studies indicate different values for the optimum

pore size of the scaffold capable of supporting tissue

ingrowth, it is widely accepted that the minimum pore size

capable of supporting tissue ingrowth is 100–200 lm [7, 9,

25–28]. The ability to achieve the desired mechanical

strength while maintaining the above requirements of

porosity, pore size and pore interconnectivity is an

important aspect of scaffold fabrication.

In other studies, oriented HA scaffolds with lamellar

architecture (porosity 47%; pore size \50 lm), prepared

by unidirectional freezing of suspensions, have shown

average compressive strengths of 145 MPa in the orienta-

tion direction [29]. While the strength is comparable to that

of cortical bone (100–150 MPa) [6, 30–32], the pore width

of the scaffold (typically \50 lm) is considered to be too

small to support tissue ingrowth. Extrusion-based robo-

casting has been used to fabricate HA scaffolds with 55%

porosity and pore width of *200 lm using partially wet-

ting inks [33]. In that study, evaporation of the solvent

(methylene chloride) was used as the consolidation mech-

anism between adjacent layers. The highest compressive

strength achieved for HA scaffolds was *22 MPa. The

elastic modulus was reported to vary between 24 and

150 MPa with different polymer combinations and testing

directions, which is far lower than the elastic modulus of

Fig. 8 (a) Optical image of

sintered scaffold showing the

retention of the shape after the

post-processing steps; (b) SEM

image of the fractured cross-

section of the sintered scaffold

showing good bonding between

adjacent layers of the scaffold

Fig. 9 SEM images of (a), (b) as-formed scaffold after deposition by FEF, showing good packing of the glass particles, and (c) the sintered

scaffold showing that the glass struts were almost fully dense

Fig. 10 X-ray analysis of starting 13–93 glass particles and sintered

scaffold, showing no observable crystallization of the glass during the

scaffold fabrication process
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human cortical bone (5–15 GPa) [34]. Robocasting of

partially flocculating suspensions of HA in an oil bath

has been used to fabricate scaffolds (porosity = 40%;

pore width & 100 lm) with a compressive strength of

*50 MPa [23, 35]. Infiltration of the HA scaffolds in SBF

resulted in an increase of the compressive strength to

*115 MPa [36].

Scaffolds of the bioactive glass designated 6P53B,

prepared by robocasting of partially wetting inks [33], have

shown a compressive strength of *7 MPa and an elastic

modulus of *105 MPa (porosity = 75%; pore width &
200 lm), which are much lower than the compressive

strength and elastic modulus of human cortical bone.

Bioactive glass (13–93) scaffolds with columnar micro-

structure (porosity = 55–60%; pore width = 90–100 lm),

fabricated by unidirectional freezing of suspensions, have

shown a compressive strength of 25 MPa [15]. Scaffolds

fabricated by indirect selective laser sintering of bioactive

glass particles have not shown compressive strengths

higher than that of human trabecular bone [37–40].

The average compressive strength (140 MPa) obtained

in this work for 13–93 bioactive glass scaffolds fabricated

by FEF is comparable to the compressive strength of

human cortical bone. This strength is also higher than the

strengths reported in the literature for scaffolds fabricated

by other manufacturing methods (additive or non-additive).

Since 13–93 bioactive glass is already known to support

new bone growth [14, 15, 41–44], these bioactive glass

scaffolds fabricated using FEF have promising potential for

use in the repair of load-bearing bones.

5 Conclusion

FEF was shown to be a viable method for the creation of

porous, 3D bioactive glass (13–93) scaffolds with a com-

pressive strength (140 ± 70 MPa) comparable to that of

human cortical bone. An aqueous mixture of bioactive

glass particles and polymeric additives with a paste-like

consistency was developed for extrusion in the FEF pro-

cess. The scaffold maintained its geometry and micro-

structure after extrusion and post processing (binder

burnout; sintering). The fabricated scaffold, with a grid-

like microstructure, consisted of almost fully dense glass

struts and pore characteristics (porosity = 50%; pore

width & 300 lm) known to be capable of supporting

tissue ingrowth. These bioactive glass scaffolds created by

FEF could have potential application in the repair of load-

bearing bones.
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