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Abstract: 3D porous Ti6Al4V scaffolds were directly
fabricated by a rapid prototyping technology, 3D fiber
deposition (3DF). In this study, scaffolds with different
structures were fabricated by changing fiber spacing and
fiber orientation. The influence of different architectures on
mechanical properties and permeability of the scaffold
were investigated. Mechanical analysis revealed that com-
pressive strength and E-modulus increase with decreasing
the porosity. Permeability measurements showed that not
only the total porosity but also the porous structure can
influence the permeability. 3DF was found to provide

good control and reproducibility of the desired degree of
porosity and the 3D structure. Results of this study dem-
onstrate that the 3DF of Ti6Al4V give us flexibility and
versatility to fabricate and improve scaffolds to better
mimic the architecture and properties of natural bone and
meet the requirements of bone graft substitutes and ortho-
pedic and dental implants. © 2009 Wiley Periodicals, Inc.
] Biomed Mater Res 92A: 33-42, 2010
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INTRODUCTION

At present, we are evaluating a porous Ti6Al4V to
act as a scaffold for tissue engineering scaffold and
orthopedic implants, which can, subsequently, be
implanted in a bone defect for load bearing sites.
Investigators have identified that porous scaffolds
for such applications should have the following
characteristics'™: (1) A 3D, highly porous, and inter-
connected pore network, enabling cells to enter,
attach, and migrate through the scaffold; (2) biocom-
patibility; (3) suitable surface structure and chemis-
try for cell attachment, proliferation, and differentia-
tion; (4) mechanical properties to match those of the
tissues at the site of implantation; and (5) easy to
make into a variety of shapes and sizes with control
of porous structure. Recently, it has also been shown
that mismatches in geometry and mechanical stiff-
ness of repair tissue as compared with the surround-
ing native tissues causes large stress levels, which
may accelerate further joint degeneration.”®
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During the last 30 years, different processing tech-
niques have been developed to make porous tita-
nium and Ti alloys to be used in dental and orthope-
dic applications. These conventional techniques
include sintering together of particles or plasma
spraying of powder,” pressing and sintering of Ti
fibers,'"" mixing powders with space-holder,'*"?
solid-state foaming by expansion of argon-filled
pores,'* and polymeric sponge replication.”” Unfo-
rtunately, all of these processes form structures with
randomly arranged pores with a wide variety of
sizes and offer limited flexibility to control pore vol-
umes and porosity distribution in the final structure.
With such scaffolds, it is difficult to achieve the
requirements of (5), and none of these conventional
techniques enabled the production of scaffolds with
a completely interconnected pore network. Not only
the internal structure but also the external shape of
implants should be tailored according to customer
requirements. The imperfection of the conventional
techniques has encouraged the use of a rapid proto-
typing (RP) technology.'® RP, combining computer-
aided design (CAD) with computer-aided manufac-
turing (CAM), which has the distinct advantage of
enabling the building of objects with predefined
microstructure and macrostructure, such as porosity,
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Figure 1. A schematic of a porous prototype made with
3D fiber deposition.

interconnectivity, and pore size. In the past, a few
RP techniques were applied to make scaffolds, such
as SLS (selective laser sin’cering),w"18 SLM (selective
laser melting),"” EBM (electron beam melting),”"*'
and 3DP (3 dimension printing).”*** Until now most
investigators focused on polymer and ceramic mate-
rials."””***” Recently, new 3D porous Ti6Al4V scaf-
folds were successfully developed in our group,
which were directly fabricated by a RP technology,
3D fiber deposition (3DF). Figure 1 shows a sche-
matic of a porous prototype made with 3DF deposi-
tion. 3DF, being a layer-by-layer manufacturing tech-
niques, can be used to manufacture prototypes in
which each layer may have a different fiber diameter
(FD), thickness, fiber space (FS), and fiber orientation.
It is similar as robotcasting patented by Cesarano
et al of Sandia National Lab.”® A brief comparison of
these methods to produce porous scaffolds are sum-
marized in Table I. In a previous study, the prepara-
tion of porous T6AI4V scaffolds and the optimization
of processing parameters of 3DF deposition was dis-
cussed.”” To meet practical requirements of bone
ingrowth and long-term implantation, the porous
structure of an implant was required to mimic the
architecture and properties of natural bone, which
will allow bone and tissue to grow into the pore
spaces easily. Therefore, a mechanical and biological
interlock between the implant and surrounding bone
could be created.”

In this study, porous Ti6Al4V scaffolds with dif-
ferent structures were directly fabricated by chang-
ing fiber orientation and fiber spacing. Studies were
conducted to investigate the influences of layer ori-
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entation and fiber spacing on the porosity, the pore
diameter, and the mechanical properties of various
structures. These studies will determine the suitabil-
ity of 3DF process for providing an effective and
high degree of control over the sizes generated, and
uniformity of their structure.

MATERIALS AND METHODS

Materials

Ti6Al4V powders (Bongen Titanium, China) with a
mean diameter of 45 um and spherical shape were used in
this study. A Ti6Al4V slurry was prepared as follows: The
Ti6Al4V powders (68 vol %) were mixed with an aqueous
solution of methylcellulose (0.3 wt %) as binder and stearic
acid (0.2 wt %) to improve the rheological properties of
the slurry.

Processing parameters of 3D fiber deposition

Optimized 3DF process parameters were studied in a
previous study. In this study, an inner nozzle diameter of
0.4 mm, a deposition pressure 2.5 bar, a feeding speed
350 mm/min, and an initial height between nozzle head
and platform of 0.25 mm, were employed to fabricate dif-
ferent scaffolds for testing.

Scaffold design and fabrication

Ti6Al4V scaffolds were fabricated for three experiments.
The first experiment (Experiment I) is to investigate scaf-
folds with different internal structures. The second experi-
ment (Experiment II) is to study the effect of structure and
porosity on the scaffold mechanical properties. The third
experiment (Experiment III) is to study the effect of struc-
ture and porosity on the permeability of scaffold as com-
pared to that of human cancellous bone.

TABLE I
Comparison of Different RP Techniques

SLS SLM EBM 3DP 3DF
Speed Low Low Fast Low Fast
Total time required More Less Less More Less
Cost Low High High High Low
Resolution High High Low High Low
Anisotropic No No No No Yes
Material needed for test ~ Less More More  More Less
Material variety More More More  Less More
Surface quality High High Low High High

Density Low Low High Low Low
Dimension accuracy

shrinkage High Low Low High High
Support structure Yes Yes Yes Yes No
Sintering Yes No No Yes Yes

Removal of excess powder Yes Yes Difficult Yes No
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TABLE II
Scaffold Groups for Experiment
Nozzle Fiber Layer
Specimen Size Lay-Down Space  Thickness
Group (mm) Pattern (mm) (mm)
S1 0.4 [0/90]n 0.5 0.32
S2 0.4 [0/0/90/90]n 0.5 0.32
S3 0.4 [0/90]sn 0.5 0.32
S4 0.4 [0/45/90/135]n 0.5 0.32
P03 0.4 [0/90]sn 0.3 0.32
P04 0.4 [0/90]n 0.4 0.32
P05 0.4 [0/90]n 0.5 0.32
P06 0.4 [0/90]n 0.6 0.32
P07 0.4 [0/90]n 0.7 0.32
PO8 0.4 [0/90]n 0.8 0.32

For the scaffolds with different structures, four kinds of
models were designed and made with a fiber spacing
of 0.5 mm, a FD of 0.4 mm, and layer thickness (LT) of
0.35 mm; four lay-down patterns of [0/90]n, [0/0/90/90]n,
[0/45/90/135]n, and [0/90]sn (s represents staggered) (S1,
S2, S3, and S4 corresponded to different structure).

For scaffolds with different porosity, a single design
was used with variable fiber spacing (0.3, 0.4, 0.5, 0.6, 0.7,
0.8 mm, lay-down pattern: [0/90]n) (P03, P04, P05, P06,
P07, and P08 in Table II).

For all experiments, a total of 50 blocks (three blocks,
per condition) was produced. The block size is 22 mm X
22 mm X 10 mm.

Sintering of scaffolds

After fiber deposition, the samples were first dried for
at least 24 h at room temperature, then for 3 h at 80°C,
and eventually sintered in a high vacuum furnace (10~°
mbar) with a heating profile as follows:

RT 600 min—500°C 450 min—1200°C 120 min
—1200°C furnace colling—25C

Preparation of samples for properties test

The porosity of the sintered blocks was calculated by
measuring length, width, and height as described in the
following section. After calculating the porosity, each block
was machined by electrical discharge machining to obtain
@7 mm by 9 mm cylinders for mechanical tests and per-
meability tests. The samples were labeled for two direc-
tions: the Z direction and X- or Y-directions with respect
to the lay-down pattern of [0/90]n and [0/45]n. The struc-
ture in X- and Y-direction was considered to be the same.

Characterization of scaffold

Porosity

Porosity (p) was calculated by measuring the apparent
density (p, = weight of sample/volume of sample) and

using the formula: p = (1 — pp/ps) X 100, where p; is the
density of 100% dense material (4.5 g/cm?). A total of five
samples per structure were measured.

Morphology

The scaffold morphology was studied with environmen-
tal scanning electron microscopy (ESEM, Model XL-30,
Philips, Eindhoven, The Netherlands). The ESEM micro-
graphs were used to measure the FS, FD, and LT besides
studying the scaffold morphology. FS was defined as the
edge-to-edge distance between two fibers. LT was defined
as the edge-to-edge distance between two layers. FS and
FD values were measured from layer views, which
showed lay-down pattern. LT value was measured from
the cross-section views of scaffold specimens, which
showed the stacked layers. The dimensions FS, LT, and FD
are illustrated in Figure 1.

Mechanical test

Five samples from each kind of scaffold were randomly
chosen. The compression tests of porous Ti6Al4V samples
(@7 mm X 9 mm, n = 5) were performed at room temper-
ature with a crosshead speed of 1 mm/min (Zwick/Z050,
Germany). The E-modulus was calculated by the load in-
crement and the corresponding crosshead displacement
between the points on the straight-line part. Because of the
much higher stiffness of the load cell of the testing
machine as compared to that of the sample, the increment
of the crosshead displacement was assumed to be equal to
the deformation of the sample.

Permeability

A permeability test was performed with a self-designed
permeability-meter.’! Briefly, a cylindrical sample (@7 mm X
9 mm) was mounted in a tube connected to a wide di-
ameter water reservoir which was positioned at a certain
constant height. The flow of water through the sample was
measured in mL/s. Normalized for the dimensions of the
sample, it provided a measure for the sample’s permeabil-
ity. The samples with different structure and porosity
were tested to study the relationship between permeability
and structure or porosity. Two samples under Z-direction
of each condition were tested.

Statistical analysis

The statistical significance was determined by a f-test at
the significance level of p < 0.05

Acetabular cup design and fabrication

The 3DF fabrication technique was successfully used to
build acetabular cup scaffolds designed with image-based
design techniques. In briefly, a cup with a diameter of
50 mm and a wall thickness of 5 mm was designed using
Rhinoceros software 3D [Fig. 8(A)], then the dataset of the
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Figure 2. Scaffold with different lay-down patterns. A) Lay-down patterns of [0/90]n. B) Lay-down pattern of [0/0/90/
90]n. C) Lay-down pattern of [0/90]sn (s represents staggered). D) Lay-down pattern of [0/45/90/135]n.

cup was transported to a 3D bioplotter. The FS was set to
500 pum; the LT is 320 um, resulting pore size of cup
[Fig. 8(B,C)] around 400 pm. It can be seen that resulting
acetabular cup replicated the design very well.

RESULTS

Morphology

Figure 2 shows the scaffolds with different struc-
tures. It can be seen that the scaffold has two pat-

Journal of Biomedical Materials Research Part A

terns under Z-direction view. One group with
square pores as a result of [0/90]n lay-down pat-
tern [Fig. 2(A-F)], and the other with triangular
pores as a result of a [0/45]n lay-down pattern
[Fig. 2(G,H)]. When the scaffolds are viewed in the
X- or Y-direction of the fabrication process, more
differences between the four scaffolds become
overt.

Figure 3 shows a series of surface morphologies of
scaffolds built with varying fiber spacing from 0.2 to
0.7 mm in increments of 0.1 mm at constant LT and
FD of 0.32 and 0.4 mm, respectively. It can be seen
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Figure 3. Scaffold with different fiber spacing. A) FS02, B) FS03, C) FS04, D) FS05, E) FS06, F) FS07.

that with decreasing the FS the structure becomes
denser and the porosity decreases.

Based on the ESEM measurement, features of scaf-
fold made by 3DF are shown in Table III. It can be
seen that by changing the lay-down pattern and the
FS, scaffolds with different pore structure and poros-
ity are obtained. Because of sintering at a tempera-

ture of 1200°C, some shrinkage has to be expected as
a result of necking of the particles. It can be found
in the Table II, when compared to the machine set-
tings (Table I), that the shrinkage in the scaffolds is
apparently not homogenous and ranges from a few
percentage to sometimes 20%. The FD is near to the
inner size of nozzle, but the fiber spacing (FS)

TABLE III
Measurement of Structural Features of Ti6Al4V Scaffold
Fiber Fiber Layer
Specimen Diameter Shrinkage Space Thickness Shrinkage Porosity
Group (um) of Fiber (%) (nm) (um) of LT (%) (%)

S1 369 = 12 7.7 381 = 15 301 = 20 59 545 + 35
S2 388 = 16 3 394 = 18 282 = 21 11.8 535 =22
S3 370 = 16 7.7 402 =7 302 + 28 5.6 53+ 21
54 388 = 25 3 405 = 17 293 * 15 84 55 + 1.4
P03 368 * 22 8 160 = 34 275 = 24 14 39 =21
P04 375 = 17 6.2 261 *= 26 286 = 17 10.6 45 = 2.8
P05 355 = 10 11 396 = 16 263 + 29 17.8 54 =22
P06 365 = 18 8.7 465 = 7 277 * 27 134 58 = 1.4
P07 385 * 14 3.7 556 £ 12 258 * 32 19.3 62 = 0.7
P08 381 =7 47 679 = 10 301 = 14 59 70 =1

Journal of Biomedical Materials Research Part A
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Figure 4. High magnification of fiber surface.

changes significantly. Measurements of FS and fiber
thickness (FT) showed that the pore size ranges
between 160 to 680 pum (horizontal) and 300 um
(vertical).

Porosity

The porosity of the scaffold showed little varia-
tion. Scaffolds made by different lay-down patterns
have similar porosity when the settings for FD, FS,
and LT are the same (Table II). Actually, this poros-
ity consists of macroporosity and microporosity.
Macroporosity results from fiber spacing and fiber
thickness. Microporosity results from necking of the
particles during powder sintering and residual gas
in the starting titanium slurry. High magnification of
fiber surface proves this (Fig. 4).

Mechanical properties

The mechanical properties of scaffolds were eval-
uated by measuring the compressive strength and
the E-modulus.

Compressive strength

The average values of compressive strength of dif-
ferent scaffolds are plotted against structure and FS
setting, as shown in Figure 5. Figure 5(A) shows the
compressive strength of scaffold with different struc-
ture in Z-direction and X- or Y-direction. Scaffolds
with a [0/90]n and [0/45/90/135]n lay-down pattern
had a higher compressive strength in the Z-direction
as compared to other patterns. In the X- or Y-direc-
tion scaffolds with a [0/90]n lay-down pattern had
the highest compressive strength. Figure 5(B) shows
the compressive strength of scaffolds with different
FS in Z-direction and X- or Y-direction. The com-
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pressive strength decreases with increasing FS. This
is due to the decrease of the number of fibers within
each layer, resulting in a decrease of the amount of
loading area. In other words, the compressive
strength of porous scaffolds depends on the porosity
or relative density. There is no significant difference
between the compressive strength of scaffolds with
[0/90]n lay-down pattern in Z-direction and in X- or
Y-directions. Only with [0/45] patterns significant
differences (p < 0.05) of the compressive strength
under two directions are found.

E-modulus

The calculated E-modulus of different scaffolds
was shown in Figure 6(A,B). Figure 6(A) shows the
E-modulus of scaffold with different structure under
Z-direction and X- or Y-direction. Scaffolds with a
0/45° lay-down pattern had the lowest E-modulus in
two directions as compared to other scaffolds, and
scaffolds with different lay-down pattern showed lit-
tle variation of E-modulus under Z-direction. How-
ever, there is a significant difference again between
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Figure 5. Comparison of compressive strength under Z-
direction and X- or Y- direction. A) Scaffold with different
structure (fiber spacing: 500 pum, porosity: 55%); B) Scaf-
folds with different porosity (lay-down pattern: 0/90).
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the E-modulus of scaffolds with 0/45° lay-down pat-
tern in Z-direction and in X- or Y-direction. Figure 6(B)
shows the E-modulus of scaffolds with different FS
in Z-direction and X- or Y-direction. It can also be
seen that the E-modulus of different scaffolds
decrease with increasing FS. There is significant dif-
ference (p < 0.05) in two directions while FS is below
P04 but no such evidence was seen with FS above
PO05.

Permeability

Figure 7 shows the permeability data in the Z
direction of porous Ti6Al4V with different structures
and porosities as compared with human cancellous
bone under transverse direction.’ It is clear that the
pore structure affects the permeability of scaffold. At
left part of Figure 7, scaffolds with different struc-
ture have the same porosity, but different permeabil-
ity. At right part, scaffolds with different porosity
and same structure, resulted in different permeabil-
ity. The permeability of scaffolds with lay-down pat-
terns [0/45] and [0/90]sn as measured in the Z-
direction is similar to that of human cancellous
bone. The porosity of human cancellous bone is
around 60%. It can be seen that the porosity affected

the permeability greatly. Moreover, the permeability
test enables us to prove repeatability of the 3DF pro-
cess under same parameters. In one batch of sam-
ples, the standard deviation in permeability is rela-
tively low. The measured porosities (listed in Table II)
also prove the repeatability of this process.

Acetabular cup design and fabrication

The 3DF fabrication technique was used success-
fully to build acetabular cup scaffolds designed
using image-based design techniques. Briefly, a cup
with a diameter of 50 mm and a wall thickness of
5 mm was designed using Rhinoceros software 3D
[Fig. 8(A)], then the dataset of cup was transported
to a 3D bioplotter. The FS was set to 500 um; the LT
is 320 pm, resulting pore size of cup [Fig. 8(B,C)]
around 400 pm. It can be seen that resulting acetabu-
lar cup replicated the design well. The total porosity
of the cup is around 55%. The dimensions of green
body are 50 mm in diameter and 25 mm in height,
after sintering, the dimensions are 46.3 and 21.8 mm,
respectively.

DISCUSSION

The results show that the fiber spacing (FS) played
an important role in the porosity for each scaffold.
Since a pore is the space created between successive
strands within a layer, the pore formed in the scaf-
fold increases in size by increasing the value of FS.
However, this value cannot be increased indefinitely
as slacking will occur when there is insufficient
strength for an extruded fiber to bridge a gap.”**%*
Generally, the gap of below 10 mm could be bridged
by this slurry. It was essential that every layer is
well deposited as the preceding layer served as the
foundation for the next layer. In the previous study,
the parameters of 3DF effect on the porosity of scaf-
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Figure 7. Permeability as function of different structure
and porosity compared with that of cancellous bone.
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Figure 8. Prototype of acetabular cup. A) Image design
by CAD software, B) Porous acetabular cup by 3DF, C)
High magnification of acetabular cup surface.

fold, especially feeding speed and air pressure on
the slurry, were described. However, increasing
speed to stretch the extruded fiber or changing pres-
sure to reduce the amount of Ti slurry might affect
the stability of the scaffold and reproducibility.

The flexibility of 3DF for changing the FS setting
allows highly consistent, controllable, and reproduci-
ble pore size and arrangement. In this study, FS was
set from 200 to 800 pm, resulting in pore sizes rang-
ing from 160 to 680 pum, meeting the requirements
for bony ingrowth.*>3¢

When scaffolds were viewed in the Z-direction
and the X- or Y-direction, the 3D interconnectivity of
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pores was observed to be as in Figures 2 and 3, not
unlike to the bee’s honeycomb with a regular array.
It reveals that 3DF is capable of producing a matrix-
like structure or scaffold that is consistently control-
lable, with reproducible porosity and uniform pore
arrangement. The consistency and repeatability of
the extruded fibers, fiber arrangement, and FS set-
ting enables the production of matrix-like structures
with intended and predictable macrostructure. These
conditions are highly favorable, since they allow the
user to predict accurately and produce structures
with known pore sizes and arrangement.
Apparently, by increasing the number of layer
with different fiber orientation in a multilayered
scaffold, it is possible to make a porous 3D scaffold
with various degrees of channel dimensions. Mean-
while, the use of a finer nozzle diameter allow the
fabrication of scaffolds with finer architecture, and a
higher surface area to volume ratio can be obtained
compared with the scaffold made by a big nozzle.””
When compressed under Z-direction, it is the fiber
joints of adjacent layers that bear the loading force.
It is clear that a larger number of fiber joints per
unit area would be expected to strengthen the scaf-
fold structure. When scaffolds are compressed under
X- or Y-direction, it is the axial fiber that bears the
loading strength. In this case, the compressive
strength is dependent on the number of fibers per unit
area aligned in the loading direction and the angles of
lay-down pattern. Our results of changing FS and lay-
down pattern prove this. The strength of a scaffold is
expected to be higher when compressed in the direc-
tion with a higher degree of fiber alignment as com-
pared to the case of a [0/45]n lay-down pattern.
Although ceramics are good bone substitutes
(osteoconductive), they do not provide sufficient
strength for load-bearing conditions. Ti6Al4V scaf-
folds made by 3DF have a compressive strengths
ranging from 110 to 650 MPa with porosities ranging
from 70 to 30%. The compressive strength is higher
than that of cancellous bone and comparable to that
of cortical bone.*” Tt is known that implants with
high elastic moduli offer the risk of stress shielding,
which lead to bone resorption and eventual loosening
of the implant®®**" Although dense Ti6Al4V has a
Young’s modulus only about half of those of 316L
stainless steel or CoCrMo alloy,*"** it is still about
10-20 times higher than the E-modulus of human
bone. The E-moduli of 3DF scaffolds with porosities
of 39-70% ranged from 19 to 4.5GPa, which is
between that of cancellous bone and cortical bone.*"**
The permeability of scaffolds with 0/45° and 0/
90° and staggered lay-down patterns is quite compa-
rable to that of human cancellous bone. Therefore
such scaffolds are promising biomaterials for bio-
medical applications, since a higher metabolic
exchange rate of bone cells as well as minerals can
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be achieved by its interconnected pore structure and
a high surface to volume ratio. High permeability
could also be highly beneficial for cell seeding and
tissue formation since it allows the cells to diffuse
into the center of the scaffold and provide more
space for the ingrowth of tissue and subsequent vas-
cularization. Therefore, the osteoconductive poten-
tial**** of the material maybe increased.

Permeability data reflect a combination of (1) po-
rosity, (2) pore size and distribution, (3) interconnec-
tivity, (4) interconnection pore size and distribution,
(5) orientation of pores with respect to flow direc-
tion. Therefore, in the future, permeability can be
taken as an intrinsic parameter for describing macro-
porous structures, probably with more relevancy
than porosity and mean pore size.

It can be seen that there are several advantages of
this type of scaffolds. First, the structure of the scaf-
fold is highly regular and repeatable and all pores
are interconnective. Secondly, scaffolds with regular
architecture could make the seeding of cells up to
the core easier than in random architecture scaffolds
and an environment, which encourages uniform con-
ditions for free of flowing nutrients to the interior of
implant and promoting cell viability, will be created.
Finally, regular architecture scaffolds could permit
parametric analyses to be conducted in terms of nu-
trient concentration and local environments. It is
essential in scientific investigations to identify and
predict optimal cell environments and to know how
scaffolds and material affect tissue regeneration.

CONCLUSION

3DF was successfully applied to fabricate porous
Ti6Al4V scaffolds with fully interconnected pore net-
works, highly controllable porosities, and pore sizes.
These scaffolds can be made with different struc-
tures and porosities by controlling of process param-
eters such as fiber spacing, LT, and fiber orientation.
The characteristic of the resulting scaffold were ana-
lyzed. Experimental results show that the fiber spac-
ing has a profound effect on the porosity, pore size,
compressive strength, and elastic modulus of the
scaffolds. The resulting scaffolds can mimic the
properties of both the cancellous bone and the corti-
cal bone. This technique also provides a control of
external shape to match graft geometry and internal
architecture while the pore structure in 3D space
provides control over interconnectivity, geometry,
FD, and orientation and mechanical properties.
Therefore, 3DF is a promising new technique for
design and fabrication of tailor-made or custom-
made Ti6Al4V scaffold architectures for orthopedic
implant applications.
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