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Abstract

Three-dimensional (3D) fiber deposition (3DF), a rapid prototyping technology, was successfully directly applied to produce novel 3D

porous Ti6Al4V scaffolds with fully interconnected porous networks and highly controllable porosity and pore size. A key feature of this

technology is the 3D computer-controlled fiber depositing of Ti6Al4V slurry at room temperature to produce a scaffold, consisting of

layers of directionally aligned Ti6Al4V fibers. In this study, the Ti6Al4V slurry was developed for the 3D fiber depositing process, and the

parameters of 3D fiber depositing were optimized. The experimental results show how the parameters influence the structure of porous

scaffold. The potential of this rapid prototyping 3DF system for fabricating 3D Ti6Al4V scaffolds with regular and reproducible

architecture meeting the requirements of tissue engineering and orthopedic implants is demonstrated.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Scaffolds are of great importance for tissue engineering
and orthopedic implants because they enable to provide
biological anchorage for the surrounding bony tissue via
the ingrowth of mineralized tissue into the pore space [1].
These scaffolds require a specific external shape and a well-
defined internal structure with interconnectivity [1–3].
Recently, porous ceramics and polymers have been
extensively studied to promote bone or tissue ingrowth
into pores [4–9]. However, ceramics and polymers are not
very strong and can easily transform [10,11], they are less
appropriate in load-bearing applications, such as in spinal
interbody fusion. Therefore, metals like titanium and its
alloys are widely used for orthopedic and dental implants
e front matter r 2005 Elsevier Ltd. All rights reserved.
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[12]. They possess low density, good mechanical properties
(elastic modulus, toughness, and fatigue strength) and
biological and chemical inertness. Recently, there has been
an increasing interest in fabricating porous titanium
scaffold for bone tissue engineering [13–15]. Porous
titanium and its alloys have been used in dental and
orthopedic applications since the end of 1960s [16–18].
Many available methods for producing porous titanium
and titanium alloy scaffolds include sintering together of
the particles [19] or plasma spraying of the powder on a
dense substrate followed by the cutting of the porous layer
[20], compressing and sintering of titanium fibers [21,22],
solid-state foaming by expansion of argon-filled pores [23]
and polymeric sponge replication [24]. However, none of
these conventional techniques has allowed for building
scaffolds with a completely controlled design of the
external shape as well as of the interconnected pore
network. The imperfection of the conventional techniques
has encouraged the use of a rapid prototyping (RP)
technology [25]. Since 1980s RP technologies have emerged

www.elsevier.com/locate/biomaterials
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Fig. 1. 3D fiber depositing system. (A) 3D fiber depositing system, (B) 3D

fiber depositing scaffold process.
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as a revolutionary manufacturing process with inherent
capability to rapidly make objects in virtually any shape.
RP, combining computer-aided design (CAD) with com-
puter-aided manufacturing (CAM), has the distinct ad-
vantage of being able to build objects with predefined
microstructure and macrostructure [26,27]. This distinct
advantage gives RP the potential for making scaffolds or
orthopedic implants with controlled hierarchical structures
[28–33]. Until now RP developments mainly focused on
polymer and ceramic materials [34–39]. The transfer of RP
technologies to metal materials for tissue engineering and
orthopedic implants possesses a significant challenge.
There are few investigators on making metal scaffold for
orthopedic and tissue engineering application by rapid
prototyping techniques [3,40,41]. Two methods were
applied to make metal scaffold. One is indirect to make
porous scaffolds by invest casting melt metal or metal
powder slurry into a mold where the mold was made using
RP [40–42], in addition to indirect processing, other
researchers have been developing porous titanium scaffolds
for tissue engineering using direct metal deposition
[3,43,44].

Here, we report the first example of RP Ti6Al4V scaffold
with self-supporting features fabricated directly by 3D fiber
deposition. In this paper, we investigated the design and
fabrication of 3D Ti6Al4V scaffolds and performed in vitro
studies to assess cell attachment, cell proliferation and
differentiation of the scaffolds.

2. Materials and methods

2.1. Materials
�
 Ti6Al4V powders with a mean particle diameter of 45 mm (Bongen

Titanium (China) Co, ltd) were used in this study. The particles are

spherical in shape.
�
 Methylcellulose (MC, Fisher Scientific B.V) and stearic acid (Acros

organics, USA) were used as binder and dispersant.

2.2. Methods

2.2.1. Preparation of the Ti6Al4V slurry

The Ti6Al4V slurry was prepared as follows: The Ti6Al4V powder

(66 vol%) was mixed with an aqueous solution of methylcellulose and

stearic acid (34 vol%). The slurry was stirred for 1 h at room temperature

(RT) to obtain homogenous slurry.

The concentration of the Ti6Al4V powder in the slurries has influence

on the viscosity of the slurry. The effect of powder concentration was

studied by utilizing the slurries with Ti6Al4V powder concentrations

ranging from 64 to 68 vol%. A powder concentration of 66 vol% was used

for most studies unless otherwise specified.

2.2.2. 3D fiber deposition

As a 3D fiber depositing device, the ‘‘Bioplotter’’ was used, which has

been reported by Landers and Mülhaupt [45,46]. Fig. 1A shows the

system, consisting of: (1) a Ti6Al4V slurry dispensing unit consisting of a

syringe and nozzle; (2) air pressure plunger to regulate flow of slurry; (3)

positional control unit linked to a personal computer containing software

(PrimCAM) for generating fiber deposition paths.
2.2.3. Scaffold development

The Ti6Al4V slurry was placed in a plastic syringe, through a fixation

unit mounted on the ‘‘Y’’-axis of the apparatus and kept at RT. Air

pressure (P) was applied to the syringe through a pressurized cap.

Rectangular block models were loaded on the Bioplotter CAM software.

The process involved depositing continuous fibers of material to produce

two-dimensional (2D) layers with alternating 01/901 lay-down patterns

of finite thickness and then building the 3D scaffold up layer-by-layer.

Fig. 1B shows the processing of 3D fiber depositing porous Ti6Al4V

scaffold.

The nozzle used to extrude Ti6Al4V slurry fibers is a stainless steel

hypodermic needle. The nozzle size is expressed as inner diameter of the

nozzle, and a length of 16.1mm. A nozzle diameter of 400mm was used for

most studies unless otherwise specified. For all the experiments addressed,

fiber spacing was set to 0.5mm to create pore size around 400mm since

pore size around this range assure a rich blood supply, nutrient and waste

exchange and promote in growth of bone [47–49], and the thickness

between fiber layers was kept at 0.35mm which is about 0.85* nozzle size

as discussed previously [46].

After fiber depositing the samples were first dried for 24 h at RT, then

dried for 24 h at 50 1C, and finally sintered in a high vacuum furnace

(10�5mbar) applying a heating profile as follows:

RT 600 min! 500 �C 450 min! 1250 �C 120 min

! 1250 �C furnace cooling! 25 �C:

2.2.4. Optimization of 3D fiber depositing parameters for fabrication

scaffold

The principle of 3D fiber deposition is similar to that of fused

deposition modeling (FDM). Many groups have applied FDM to

fabricate scaffold for tissue engineering [10,50–52]. The optimized FDM
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process involves complex interactions between the hardware, software and

material properties as discussed previously [39,53,54]. Before fabricating a

3D Ti6Al4V scaffold, experiments were focused on understanding the

influence of concentration of powder, air pressure, the feeding speed of

fiber depositing and the initial height of fiber depositing on the output

quality of the processed scaffold. These four primary parameters, together

with the experimented values in brackets, include: (1) the concentration of

Ti6Al4V powder; (2) the fiber depositing pressure, P (i.e. 2, 2.5 and 3 bars);

(3) the speed of feeding, S (i.e. 210, 280, 350 and 420mm/min); and (4) the

initial height of fiber depositing (i.e. initial distance between the tip and the

platform), H (i.e. 0.1, 0.25 and 0.4mm). Different scaffolds were produced

at various settings.

2.2.5. Characterization

The shape of Ti6Al4V powders was analyzed by environmental

scanning electron microscope (ESEM, XL-30, Philips, Eindhoven, The

Netherlands). Particle size distributions were measured by Retsch

Technology in Germany, using a CRYSTALSIZERs which is based on

using incoherent light diffraction.

The rheological behavior of Ti6Al4V slurries was measured at room

temperature by viscometer (Brookfield engineering labs DV-II+ visc-

ometer) with interval time at a speed of 10 rpm with a RV0 spindle.

The dispensability of Ti slurry was measured in terms of flow rate. Flow

rate can be defined as weight of slurry extruded from nozzle per minute.

The average of 3 measurements was used to represent the flow rate at

experimental machine setting.

3D fiber depositing scaffolds were characterized under ESEM to

measure the diameter of fiber and to select the potential settings of fiber

depositing parameters. Since the primary concern was to produce

consistent and uniform fibers, the fiber diameter (FD) from nozzle, the

spreading tendency (standard deviation) of the fiber spacing (FS) and

thickness of the fibers (FT) produced by the potential settings were then

measured and compared to pick out an optimized setting of parameters

(shown in Fig. 1B).

The porosity of the Ti6Al4V scaffolds was calculated from the ratio of

weight and volume by comparing the bulk density of samples (n ¼ 10)

with the theoretical density of Ti6Al4V: 4.45 g/cm
3.

Five samples from each kind of scaffold produced at various settings

for the fiber depositing air pressure and feeding speed were randomly

chosen. Compression tests of porous Ti6Al4V samples (4� 4� 6mm,

n ¼ 5) were performed at room temperature with a crosshead speed

of 1mm/min (Zwick/Z050, Germany). The loading direction is in the

Z-direction of the deposition process.

2.2.6. In vitro experiment

2.2.6.1. Cell attachment and proliferation. MC3T3-E1 osteoblast-like

cells were used for the cell attachment study. The culture medium used was

a-MEM supplemented with 10% fetal bovine serum (FBS, Life

Technologies, The Netherlands), antibiotics, and 1% sodium pyruvate.

The cells were seeded on porous Ti6Al4V samples placed in a 25-well plates

at 0.6� 106 cells/per sample in 4ml of medium, and cultured at 37 1C in a

humidified atmosphere with 5% CO2 and 95% air. After being cultured

for 1, 3 and 7 days, respectively, the samples (n ¼ 2) were fixed and then

rinsed with PBS, dehydrated in a graded ethanol series, critical point dried,

sputter coated with carbon and examined with ESEM. Other samples

(n ¼ 3) were digested with proteinase K (Sigma, The Netherlands), added

with heparin (Leo Pharm, The Netherlands) and Ribonu-clease A (Sigma,

The Netherlands), then shaken and incubated at 56 1C for 16 h. A volume

of 100ml solution of each sample was mixed with 100ml Cyquant GRDye

(Molecular Probe, Poland), and the fluorescence was measured with

fluorimeter (Perkin Helmer) at emission wavelength 520nm and excitation

480 nm. The DNA content of cells attached on the porous samples was

counted through a pre-made standard DNA curve.

2.2.6.2. ALP/DNA analysis. The alkaline phosphatase (ALP) activity

expressed as a function of cell DNA content was determined using the

Cyquant kit (Molecular Probes, C7026, Leiden, The Netherlands). After 3
and 7 days cultured in the presence of dexamethasone, 3 cell-seeded

samples were washed with Phosphate Buffered Saline (PBS; Life

Technologies) and stored at �80 1C for at least 24 h. After thawing on

the ice, the cells were sonicated (Branson 250) in PBS with 0.2% Triton X-

100 (Sigma) for 10 s. The supernatant was employed for the determination

of ALP activity according to Lowry’s method [55] using r-nitrophenyl
phosphate (Merck, Germany). A volume of 100ml solution of each sample

was mixed with 100ml Paranitrophenyl phosphate substrate ( Sigma)

solution on 96-well microplate reader, and then ALP activity was assayed

by measuring the mount of release of r-nitrophenol from r-nitrophenyl
phosphate as previous described [56,57]. A standard curve was generated

using known concentrations of r-nitrophenol. All samples and standards

were measured on a BIO-TEK automated microplate reader (New York,

USA) at 405 nm. To measure the DNA contents, a cyquant assay kit

(Molecular Probes) and a LS-50B fluorimeter were used.

2.2.6.3. Protein content of cells layers. The protein content of cell layers

was determined using a commercially available kit (Micro/Macro BCA,

Pierce chemical Co, Rockford, IL, USA) as previously described [58]. The

assay was performed within 96-well microreader plates. The absorbance at

a wavelength of 570 nm being monitored using a microplate reader

(Dynatech, MR 7000, Billinghurst, UK). Bovine serum albumin was used

as standard.

3. Results

3.1. Ti6Al4V powder and slurry

Fig. 2A illustrates an image of Ti6Al4V powder under
ESEM. It shows that the particles have both a highly
spherical shape and smooth surface. The distribution of the
particle size of Ti6Al4V powder is given in Fig. 2B, the
majority (�50%) being in the range of 10–30 mm. Of
significant importance for the 3D fiber deposition of
Ti6Al4V scaffolds are the rheological properties of the
slurry. Landers reported the rheological properties must be
balanced to achieve flow during dispensing and preferably
high thixotropy [59]. Fig. 3 shows the viscosity as function
of time. The viscosity of slurries with different powder
concentrations is shown in Fig. 3A. It can be seen that the
viscosity decreases with increasing time, revealing the
slurry is non-Newtonian. When the measurement is
repeated on slurry with a concentration of 66 vol% after
20min, the same tendency of decreasing viscosity is
observed (Fig. 3B). The experimental result reveals that
the slurry displays a thixotropic behavior [60]. A reduction
in viscosity occurs when shaken, stirred, or otherwise
mechanically disturbed, but at rest the slurry recovers in
time, eventually reaching its original viscosity.

3.2. Concentration of powder

The viscosity is related to the concentration of the
powder in the slurry while binder is at a constant
concentration. The higher the powder concentration, the
higher the viscosity is. Apparently, a lower viscosity will
result in deformation of the deposited fiber, and a higher
viscosity of a material will cause a greater resistance against
flowing and affect the quality of scaffold. The powder
concentration is an important factor which affects the
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Fig. 2. Ti6Al4V powder. (A) morphology of powder, (B) distribution of

powder.

Fig. 3. (A) Viscosity of Ti6Al4V slurry with different concentration of

powder. (B) Viscosity of slurry with 66 vol% concentration, V1-20 means

measurement after 20min of the first measurement.
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architecture of scaffold, as reflected in Fig. 4. It can be seen
that the use of a low concentration of powder has
undesirably resulted in gravity-induced flow subsequent
to depositing (Fig. 4A). Where slurry with a high
concentration of 68 vol% was used, there is little or no
attachment between the layers (Fig. 4C). Slurry with a
concentration of 66 vol% shows a good attachment
between layers (Fig. 4B), and has a consistency high
enough to withstand flow under its own weight. Therefore,
slurry with a concentration of 66 vol% was applied for
later experiment.

3.3. Viscosity, nozzle diameter and air pressure on the flow

rate

The fiber extruded from the FDM nozzle depends on the
viscosity of material, the nozzle diameter and geometry, the
pressure drop (DP) and the flow rate [61–63]. For
Newtonian behavior of a fluid, the Hagen–Poiseuille
equation expressed that the flow rate of a fluid through a
circular tube (such as a nozzle) as [64]:

Q ¼
pDP

128LZ
d4,
where Q is the flow rate of fluid through the nozzle direct
(diameter d and length L), Z is the viscosity of the fluid, and
DP is the pressure between the tip of the nozzle and the
fluid in the syringe. It can be seen that the flow rate of such
a fluid is directly proportional to the pressure across the
syringe and nozzle tip at constant nozzle diameter (d), and
inversely proportional to nozzle length (L) and viscosity
(Z). Different nozzles were used to determine the flow rate
as a function of viscosity, nozzle size and pressure. In
Fig. 5A–C the increased flow rate is plotted against P, d4

and 1/Z, respectively, showing non linearity except possibly
at the lowest flow rate. As can be expected, the behavior of
the slurry is non-Newtonian.
It is of importance to control flow rate of slurry. If the

flow rate is too high, over-deposition of the fiber, causing
draping between fibers and reducing porosity will occur. On
the other hand, if Q is too low, this will reduce the fiber
diameter at a certain feeding speed, thus forming less contact
area between the underlying fibers and affecting the strength
of scaffold. In our study, a stainless needle shaped nozzle
was used to prevent the depositing material from adhering
and accumulating around its tip during fiber deposition. The
air regulator was used to vary and set the applied pressure
for fiber deposition while the PrimCAM software was used
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Fig. 4. Effect of concentration of powder on the scaffold processing. (A) Low concentration shows the fiber is deformed. (64 vol% Ti6Al4V powder used.)

(B) Optimal concentration (66 vol%). (C) When the powder concentration is high (i.e. 68 vol% Ti6Al4V powder used), there is no adhesion and attachment

between the layers.

J.P. Li et al. / Biomaterials 27 (2006) 1223–1235 1227
to control the fiber depositing system to achieve the required
speed and initial height of fiber depositing.
3.4. Air pressure, feeding speed and initial height on the

scaffold structure

At constant flow rate, it is clear that with a relative low
feeding speed rate too much slurry is deposited and the
fiber starts to swell. In this case, the solution is to increase
the feeding speed or to reduce the pressure slightly to
change the flow rate. On the other hand, if the feeding
speed is too fast, the fiber is stretched after it has been
deposited and it touches the previous layer much later and
affects the contact area between layers. Therefore the
material flow rate through the nozzle and the feeding speed
must be coordinated with each other. The optimum
situation is when the material leaves the nozzle and is
immediately pressed against and bonded to the fibers of the
previous layer, being only slightly deformed. Fig. 6 shows
the effect of air pressure on the scaffold processing at
constant feeding speed. With low pressure, there is less
adhesion and attachment between the layers (Fig. 6A); with
higher pressures, the diameter of fiber becomes large
(Fig. 6C); optimal air pressure causes the fibers to have a
good attachment to each other with minimal deformation
(Fig. 6B). In a similar way, the feeding speeds affect the
scaffold structure at constant pressure as shown in Fig. 7.
At low speed, the slurry flow rate from the nozzle is too
high, and the scaffold becomes denser (Fig. 7A). At high
feeding speed, the fibers become thinner (Fig. 7B–D), and
dragging of the dispensed material from preceding fibers
easily occurs. Table 1 shows the fiber diameter and total
porosity of scaffold as function of the fiber depositing
pressure and feeding speed. It can be seen that the diameter
increased with pressure and decreasing of feeding speed,
and the porosity of scaffold increased with the feeding
speed and decreasing of pressure.

The initial height of the nozzle head above the platform
is also important for scaffold construction. It was observed
that a large initial height reduced the attachment area of
the first layer with the platform, resulting in the instability
of the scaffold during fiber depositing and the possible
dragging of material. Conversely, a very low height made
the first layer becomes denser because of the fibers being
spread out to large diameters. Fig. 8 shows the effect of the
initial distance between nozzle tip and platform on the
scaffold processing.
The quality of the bonding between the layers is equally

important. The thickness of layer in the Z-direction is of
importance to guarantee the contact area between the
fibers. Lander reported the thickness of a layer should be
80–90% of the diameter of the nozzle so that a sufficient
contact area between the layers can be obtained to stick
them together, and the material of the overlapping area is
plotted lateral to the contact area [46]. Obviously, it is no
use if the thickness is equal and larger than the diameter of
fiber because the layers would only just touch, and the
bonding is inadequate. If a too low thickness is chosen,
the fibers are deformed in the overlapping area and the
porosity drops considerably. With a nozzle diameter of
400 mm, a fiber depositing pressure (P) of 2.5 bars, feeding
speed (F) of 350mm/min and initial height of fiber
depositing (H) of 0.25mm, were found to be optimal for
fabricating the scaffolds. Fig. 9 shows the resulting scaffold
under these conditions.
3.5. Shrinkage of porous Ti6Al4V

Due to high concentration of powder in the slurry almost
up to maximum packing density, the shrinkage of sample
after drying is neglectable. During sintering, however,
shrinkage occurs due to interfusion (necking) of the
spherical particles. A sample measuring 20� 20� 10mm
before sintering measured 19.2� 19.15� 9.1mm after
sintering under 1250 1C for 2 h. Consequently, the hor-
izontal linear shrinkage is about 8.5% and the vertical
linear shrinkage 9%, corresponding to a volumetric
decrease of 16.5%.
3.6. Macrostructure and microstructure

The macrostructure of the scaffolds obtained by 3D fiber
depositing presents a fully interconnected pore network
(Fig. 9A). The microstructure of a separate fiber is shown
in Fig. 10A. It shows that particle bonding is achieved by
neck growth through a solid-state diffusion process. The
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Fig. 5. The flow rate as a function of 1/viscosity, pressure and (nozzle diameter)4. (A) Flow rate varied with 1/viscosity at a nozzle diameter of 0.4mm and

a pressure of 2.5 bar, (B) Flow rate varied with (nozzle diameter)4 at different pressure, (C) Flow rate varied with pressure with different nozzle diameter.

J.P. Li et al. / Biomaterials 27 (2006) 1223–12351228
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Fig. 6. Effect of fiber depositing pressure on the scaffold processing. (A) 2 Bar, (B) 2.5 Bar, (C) 3 Bar.

Fig. 7. Effect of feeding speed on the scaffold processing. (A) 210mm/min, (B) 280mm/min, (C) 350mm/min, (D) 420mm/min.

Table 1

Measurement of Ti6Al4V scaffold by different pressure and feeding speed

from ESEM micrographs

Specimen group FD FS Porosity

F-210 518721.5 24979.9 5072

F-280 454712.7 339712.3 5471

F-350 415714.9 369711.9 5871

F-400 364710.3 419733.5 6471.5

P-2 Bar 32076.9 47777.4 7471

P-2.5 Bar 415714.9 369711.9 5871

P-3 Bar 47774.4 35274.9 4972

FD: Fiber diameter, FS: Fiber spacing, P: porosity.
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formation of necks between particles is evidence of good
sintering conditions. It can be seen that both macro and
micro pores exist in the scaffold. Macro pores are
generated and controlled by fiber spacing and layer
thickness. Micro pores are left after powder sintering.
ESEM shows that the micropore size ranges from 1–10 mm.
Fig. 10B shows a cross-section that reveals attachment
between layers of the scaffold, as a result of the solid
diffusion process. The dimensions as shown in Table 1
prove that fiber diameter, fiber space and porosity have
little variation. It means that the scaffold made by 3D fiber
deposition possess a uniform structure.
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Fig. 8. Effect of the initial height of nozzle head and platform on the scaffold processing. (A) Initial height is 0.4mm, (B) initial height is 0.25mm, (C)

initial height is 0.1mm.

Fig. 9. Ti6Al4V scaffold by 3D fiber depositing. (A) Top view, (B) side view.

Fig. 10. Microstructure of 3D porous Ti6Al4V. (A) High magnification of fiber surface, (B) interface between layers.

J.P. Li et al. / Biomaterials 27 (2006) 1223–12351230
3.7. Mechanical properties

The compressive strength of scaffolds made with
different pressure and feeding speed is shown in Fig. 11.
It can be seen that the compressive strength increases with
the pressure (Fig. 11A) and decreases with increasing
feeding speed (Fig. 11B). As shown in Table 1, the porosity
of scaffold was changed by different pressure and feeding
speed. Therefore, the compressive strength was affected by
porosity. It is in agreement with Gibson and Ashby’s
model which the stress varies with porosity [65].

3.8. In vitro experiment

Fig. 12 shows ESEM images of cells cultured on the
porous Ti6Al4V samples for 1 day (Fig. 12A), 3 days
(Fig. 12B) and 7 days (Fig. 12C). Polygonal and spindle-
shaped cells attached and spread on porous surface of the
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Fig. 11. Compressive strength of scaffold varied with different pressure and feeding speed. (A) Compressive strength as function of air pressure, (B)

Compressive strength as function of feeding speed.
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fibers. Also some cells were found growing via micropores
into the inner surface. The spreading cells maintained a
physical contact with each other by lamellopodia. Sig-
nificant cell growth was found over culture period of 7
days. After 1 day culture, only a few cells were seen on the
surface (Fig. 12A), however, increasing amounts of cells
were found after 3 days and 7 days culture (Fig. 12B
and C), A DNA content assay (Table 2, R2 ¼ 0:99) also
confirmed that with increasing of culture time, more cells
were found to attach and spread on the 3D porous
scaffold.

Fig. 13A shows amount of protein produced by
osteoblast-like cells. The amount of protein increased with
the incubation of time. The ALP/DNA activity of cell
layers grown on the 3D fiber scaffold also increased as
function of seeding time (Fig. 13B). The results in vitro
show that the cells are not only able to attach and spread
well on the surface of porous Ti6Al4V fibers, but also be
able to form an extracellular matrix on the surface
(Fig. 13).

4. Discussion

4.1. Ti6Al4V powder

The used Ti6Al4V powder shows applicability for fiber
depositing 3D scaffold. There are four reasons for choosing
this powder system. First, the broad distribution of particle
size allows a high packing density of powders so that
slurries with higher concentrations of powder can be
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prepared [66]. The optional concentration of powder in the
slurry was found to be high as compared to some metal
slurries such as with stainless steel (56 vol%) [66]. Second,
the small powder diameter allows for using small diameter
nozzle and reduction of minimum thickness of layer. Third,
fine powders can be sintered more readily than coarse ones
due to large surface area [67,68]. Finally, the smooth
surface of the particles will enhance powder flowability
enabling them to readily flow through small nozzle head
without blocking [69].

4.2. Slurry

A high viscosity of the slurry is unavoidable at the
concentration levels necessary for enough consistency
immediately after extrusion and acceptable shrinkage
percentage during drying and sintering. Too high viscosity,
on the other hand, will hamper the flow of the slurry
through fine nozzles. Fortunately, these slurries show
thixotropic behavior, meaning lower apparent viscosity at
high shear rates, thus facilitating flow through the nozzle
canal, when, after extrusion the slurry is at rest and zero
shear rate, the viscosity increases giving the extra enough
consistency to prevent flow under gravity force.

4.3. Advantages of 3D fiber depositing porous Ti6Al4V

Several significant advantages of 3D fiber depositing
over other processes in porous scaffold fabrication include:
(1)
Tab
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these methods powder is locally consolidated and the
remaining powders serve as support for over hanging
structure [34,70]. It is obvious that the support
powder in the inner structure is difficult to be
removed completely later. SEM images showed that
e porous Ti6Al4V for (A) 1 day, (B) 3 days, (C) 7 days.

13. (A) Protein content of MC3T3-E1 osteoblast-like cells grown on

us Ti6Al4V scaffold varied with the culturing time, (B) ALP/DNA

ity of MC3T3-E1 monitored on the scaffold of 3days and 7days.
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the deposited Ti6Al4V fibers were able to suspend
themselves as overhanging fibers with little or no
slack (Fig. 5). It reveals that these fibers after
depositing and solidifying have sufficient strength to
hold the shape.
(3)
 There are some limitations for the variety of materials
in conventional RP systems [70,71]. The fiber deposit-
ing system described here maybe operated at both high
temperature and room temperature offering the versa-
tility and possibility to apply a wide variety of
materials, such as polymers, metal, ceramics and
multiple material combinations.
4.4. Limitations of 3D fiber depositing porous Ti6Al4V

Firstly, there is a lower limit of the nozzle size.
According to the Hagen–Poiseuille equation, a minor
decrease in nozzle diameter will dramatically decrease flow
rate and require considerably, greater pressures to deposit
suitable fibers. For very small nozzle diameter, even
complete blocking of the flow by bridge forming of the
particles can be expected. Second, the deposited structures
will show some anisotropy, the pore size in Z-direction
is not necessarily the same as that in x- and y-directions
but depends on the thickness of the layers. Finally,
some pore occlusion at boundaries may occur because of
fiber depositing path (Fig. 9B) due to continuous fiber
depositing.
5. Conclusion

Porous Ti6Al4V scaffolds were successfully fabricated
directly by a rapid prototyping technique, 3D fiber
deposition. It is shown that Ti6Al4V slurry is a key point
for building 3D scaffolds. Three main parameters of the
fiber depositing process: the dispensing pressure, feeding
speed and initial height between nozzle and platform were
investigated for its effect on the integrity of scaffold
fabricated. Through a series of experiments, for a nozzle
diameter of 0.4mm, a powder concentration of 66 vol%, a
fiber depositing pressure of 2.5 bar, a feeding speed of
350mm/min and an initial height 0.25mm, were found to
be optimal for fabrication of Ti6Al4V scaffolds. The
scaffolds have a good attachment between layers, and a
fully interconnected porous structure. By varying the
direction of fiber depositing and the space between the
fibers, scaffolds with highly uniform internal honeycomb-
like structures, controllable pore morphology and complete
pore interconnectivity can be obtained. Results of in vitro
studies revealed the biocompatibility of these scaffolds,
which are not only non-toxic but also favorable for cell
attachment, proliferation and differentiation. The results of
this study demonstrate the potential application in rapid
fabrication of 3D Ti6Al4V scaffolds with regular and
reproducible architecture for tissue engineering scaffolds
and orthopedic implants.
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