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Abstract: The objective was to develop and evaluate the porous medical implant scaffolds designed via digital method and
fabricated by laser additive manufacturing. A porous artificial femur model and several vessel scaffolds with customized design were
created based on the widely used computed tomography (CT) technology and Pro/Engineer software, and then were obtained by
selective laser melting of powdered titanium-alloy material. The fabricating results show that supports are not required with the
improvement of the processability of lattice, and porous scaffolds with good interconnectivity can be fabricated. Some issues also
appear, such as the low geometric accuracy of lattices. The exploited design freedom is an expected benefit in medical field due to
the individual characteristic of each patient. It is expected that more scaffolds will be developed and applied in practical fields with

further study on design, process and biocompatibility.
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1 Introduction

For the past years, the laser additive manufacturing
technologies have been applied to creating of physical
prototypes from 3D digital models without the need for
process planning. Recently, with the development of
materials and the improvement of equipment, these
technologies have been expected to directly fabricate
metal components, which are used in practical fields [1].
The additive approach breaks up a complex 3D model
into a series of 2D cross-sections with a nominal
thickness so that it enables the direct fabrication of
customized components which always have freeform
surfaces and cannot be easily manufactured by
conventional processes [2]. This observation promotes
the expansion to the medical fields since the patients
always have individual characteristics [3].

Scaffold, one type of implants in surgeries, has
brought attention in recent years. One of the important
reasons is that the scaffold cannot be easily obtained by

using conventional processes due to the porous structure,

for instance, the bone implant with pores for

biocompatibility. To optimize the architecture of
scaffolds for the direct fabrication, topology optimization
is one of the new approaches which maximize scaffold
stiffness and diffusive transport in the interconnected
pores [4]. However, this optimization is only about the
mechanical properties without consideration of the
processability. It is reasonable that the processability
should be considered when combining with materials and
processes. As for materials, pure titanium or titanium
alloy would be the most expected option, which has been
widely used for various implants because of good
biocompatibility and high mechanical strength. Many
testing results show that the titanium-alloy components
fabricated by laser additive manufacturing have higher
tensile and compressive strengths but lower ductility in
comparison with those of components manufactured by
conventional processes [5,6]. Based on these progresses,
the exploration of fabrication of porous scaffolds can be
carried out. Among the limited reports, the biocompati-
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bility was preliminarily discussed, including the
relationship between osteoindution and pore size, and the
analogousness between porous structure and human bone,
etc [7,8]. In addition, the post-processes, such as heat
treatment, were investigated, mainly aiming to improve
the mechanical behaviour [9]. Actually, the link of
customized design with direct fabrication would be a
challenging issue needed to be evaluated since the
customized design should be assigned with good
processability while the fabrication should be finished
with customized feature. In other words, the
development should be carried out in accordance with
the patient’s individual characteristics and the laser
additive manufacturing process. This observation
promotes a combination of additive manufacturing and
computed tomography (CT), a widely used technology in
medical, to facilitate the digital design of individual
characteristics and the direct fabrication of unit cells,
which will be evaluated in this work.

2 Development procedure and experimental
conditions

Figure 1 shows the development procedure of
customized porous implant scaffolds. It aims to obtain
the customized scaffolds for surgical operation. The
section information of pathological tissue is obtained by
CT scan and the images are exported as Dicom file
format. Then, the digital model can be restructured by
processing of threshold segmentation, region growing or
other operations in image processing software and is
exported as STL file format. According to the digital
model, doctors determine the repair solution and design
the corresponding implants in CAD system since nearly
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every CAD system can input and output a STL file
format. It is known that nearly every AM machine
accepts the STL file format, which becomes a standard.
Therefore, these two technologies, the CT and the
additive manufacturing, are combined, and the
customized implants can be directly fabricated after
slicing and path manipulation. Compared with the
conventional process, this digital method reduces the
cycle time of design and fabrication. Furthermore, it
builds the bridge for the cooperation between doctors
and manufacturers.

In this work, the CT images were monitored by
SOMATOM Emotion Spiral CT apparatus and imported
into Mimics to restructure the original model. The design
of customized porous structure was conducted in
Pro/Engineer (version Wildfire 4.0) and the 3D model
was imported into the additive manufacturing system.
The employed system consisted of a ytterbium fiber laser
with a continuous wavelength of 1090 nm, a
galvanometer optical scanning system with dual axis
mirror positioning scanners, and an F-theta lens with a
focal distance of 163 mm. During the fabrication, a
powder dispenser platform was raised up and a flexible
brush spread powders to the built platform. Following
the scanning paths programmed in the machine control
data, the X—Y scanner directed the laser beam to heat
powders selectively to build a layer, and then the built
platform descended a layer thickness. The machine
repeated the above steps to fabricate a scaffold layer by
layer.

The material used in the experiment was gas-
atomized Ti6Al4V amorphous powder with granularity
of 38 um. The chemical compositions of the powdered
material are listed in Table 1. During the experiment,
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Table 1 Chemical composition of Ti6Al4V (mass fraction, %)
Al A% (0] H N C Fe Si Ti
5.5-6.8 3.5-4.5 0.15 0.02 0.04 0.04 0.025 0.02 Bal.

specimens were fabricated on a Ti6Al4V substrate and
within an atmosphere filled up with argon as shielding
gas, and the oxygen content was controlled to below
0.02%.

3 Results and discussion

3.1 Interconnectivity

Powders must not be trapped within pores, i.e., they
can be removed by some methods such as high-pressure
water or air when the fabrication is finished. The past
research results showed that poor interconnectivity of the
pores would lead to an unsuccessful reparation and pore
size of about 0.5 mm suggested excellent osteoinduction
[7]. Ideally, powders will not be trapped within the pores
without consideration of thermal transmission since the

granularity of powders is much smaller than the pore size.

However, all pores must be connected to the exterior
otherwise the powders cannot be removed. Therefore, the
interconnectivity affects the removal of powders after
fabrication as well as the tissue regeneration during
reparation.

Pores are always generated by Boolean operation
between the solid implant with customized surfaces and
a cell cube with assigned features, which can be
performed along direction X, Y or Z, respectively. In this
way, the scaffold is endowed with 1D, 2D or 3D
orthogonal pores, as shown in Fig. 2, so that the
penetrability of pore facilitates the removal of powdered
materials and assures good biocompatibility. Another
advantage is that the elastic modulus of the artificial
implant becomes smaller than the solid one. According to
the simplified expression that approximately describes
the relationship between elastic modulus and porosity:

E" =Ey(1-¢)’ (1)

where E is the effective elastic modulus of porous
material; Ej is the elastic modulus of full density material;
and ¢ is the porosity. The scaffold will be endowed with
different mechanical properties by adding of pores. This

1D 2D 3D

Fig. 2 Interconnectivity of porous structure

is very important in the bone repairing since the elastic
modulus of most of metals is larger than that of human
bone, which leads to stress shielding.

3.2 Processability

Note that even different types of pores may generate
the same porosity, which implies that the structure of
scaffold is diversified. This is one of the main reasons
that the scaffolds can be individually designed. However,
the options are good and bad when considering the
processability, i.e., the fabrication quality should be
considered during the design of pores. Overhang is one
of the major structures affecting the fabrication quality of
additive manufactured components, which always leads
to some undesirable defects. When evaluating the
processability, focus may be on the number of overhang
structures. In particular, the control of overhangs seems
more stringent when the powders are metal. The high
temperature gradients between the melted material and
the surroundings may lead to warpage when they are
cooled. In addition, liquid-phase material droops due to
gravity and capillarity, thus there will be dross formation
on the overhang surface after the fabrication. Figure 3
shows a porous artificial femur model. The model is
designed with orthogonal periodic pores and the pores
are circular, as shown in Fig. 3(a). The pictures of the
fabricated model after post-process of high-pressure air
show that the powders on the upper pores are totally
cleaned off, yet the powders on the lateral pores are not
removed. It can be seen that the laser deep penetration
almost fully melt the powders under the struts, leading to
serious adhering slag.

To avoid the defects due to overhang, support
structures are always added. Even though powders can
offer self-support in many powder-based systems since
the powder bed may be a sufficient support material for
the polymer process, support structures are always
needed to support overhangs during the metal fabrication
and provide a starting point for the overhangs. There are
also some approaches to improve the processability, such
as decreasing the critical fabrication angle by adjusting
the laser energy input, but adding supports is one of the
major approaches since it can avoid the fluctuation of
fabrication quality due to the adjustment of process
parameters [10]. The supports are removed when the
fabrication process is finished. The removal of too many
supports may destroy the surface. The problem is that the
removal of supports is not available since the pore size is
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Lateral

Fig. 3 Porous artificial femur model: (a) Digital model; (b) Fabricated model

small and there is not enough space within the scaffold
for the tooling operation. Therefore, support structures
cannot be added within the interior structures otherwise
the remnant supports and the materials trapped by the
supports may lead to failure fabrication.

The above discussion implies that the processability
of lateral pore should be evaluated when preparing for
the fabrication. As for a circular pore shown in Fig. 4(a),
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Fig. 4 Processability of lateral pore: (a) Circular pore;
(b) Improved pore

suppose the critical fabrication angle is 6, under the
according process condition, arc AB can be regarded as
an overhang structure along the marked fabrication
direction and supports are needed, which cannot be
easily removed and eventually leads to failure fabrication,
as discussed above. Making an improvement of the pore,
octahedral lattice is proposed and the lateral schematic is
shown in Fig. 4(b). When the fabrication angle 6 of the
down-facing surface “CD” is larger than the critical
fabrication angle 6., the supports are not needed. The
fabrication order of the lattice is as: firstly strut “CF” and
strut “EF”, then strut “CD” and strut “DE”. The lower
half of the lattice is fabricated upon point F and then
provides starting points for the upper half.

3.3 Fabricating process

During the fabrication, a component is added layer
by layer and a layer is built by track overlapping.
Actually, a fabricated track is performed by the
movement of focused laser spot along the scanning
direction. The fusion zone within the spot, in a term of
molten pool, solidifies as soon as the spot leaves. The
bottom line of the molten pool is similar to a parabola
because of the Gaussian distribution of laser energy of
the laser beam, as shown in Fig. 5. To produce
continuous solidity, the molten pool always consists of
two portions: the upper portion I from powder layer and
the lower portion II from the previous solidification (or
substrate for the first layer). During the solidification, the
heat conduction is the main transmission since the
convection and the radiation can be ignored due to the
laser rapid solidification. The shape of the molten pool is
mainly dependent on the interfacial tension. According to
elastic equation, for the equilibrium state, the interfacial
tension of liquid-solid interface should be as

cosf = Y 770 (2)

j/lg
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Fig. 5 Cross section of single track fabricated by SLM:
(a) Micro morphology; (b) Schematic

where 6" is the contact angle and yg, yq and y,, are the
interfacial tensions of solid—gas interface, solid—liquid
interface and liquid—gas interface, respectively. Actually,
the elastic equation can only describe the shape of the
molten pool in the equilibrium state, but the
solidification is dynamic and the formation of the molten
pool is dependent on the adhesion work from the
interface. The two contact angles, 6, of liquid—gas
interface of portion I and @y of solid—liquid interface of
portion II produce a bowl-shaped cross section of single
track eventually.

According to the fabricating pattern of laser additive
manufacturing, molten pool is the primitive element and
the shape will be an important factor affecting the
ongoing fabrication. Geometrically, both the contact
angle and the dimensions (width and height or depth) of
the molten pool can characterize the shape of cross
section of fabricated track, yet the former is always
difficultly measured. In addition, the width and the
height, presented by W and H respectively, imply some
possible fabrication defects, such as balling effect [11].
To take an insight into the dimensions of the fabricated
track, the absorbed energy should be considered, which
is affected by many factors. Besides the physicochemical
properties of the powdered materials, the process
parameters are the foremost factors needed to be

considered, mainly characterized by laser power,
scanning speed, track space, and layer thickness.
Suppose the energy input per volume is represented by v,
then [12]:

w=P/(vSh) 3)

where P is the laser power; v is the scanning speed; S is
the track space; and /% is the layer thickness. Thus, the
energy input can be characterized by P/v (unit: J/mm)
when other parameters are constant. This classification is
challenging since the track space and the layer thickness
as well as the width and the height mentioned above can
be regarded as elements characterizing the geometry of
the fabricated result. When the track space and layer
thickness are assigned before the fabrication, adjusting
the laser power or the scanning speed brings about the
fluctuation of the width and the height, leading to
different surface morphologies due to the fluctuation of
track overlapping.

As for the selection of process parameters,
orthogonal experiment is always employed. The previous
experiments show that the components fabricated from
316L stainless steel powders have a steady quality with
high relative density under a group of parameters as
follows: laser power of 150 W, scanning speed of 600
mmy/s, track space of 0.12 mm, layer thickness of 0.035
mm, and scanning strategy of inter-layer stagger
scanning [13]. In this experiment, a specimen was
fabricated from Ti6Al4V powders by using the same
process strategy. Figure 6 shows surface morphologies of
the specimens of 316L stainless steel and Ti6Al4V.
The continuity of fabricated tracks of 316L stainless steel
specimen is obviously more stabilized. Whereas the
surface morphology of Ti6Al4V specimen is irregular,
even without any fabricated track that can be seen.
Seemingly, this contrast verifies that the similar process
strategy leads to a slight over-fusion. However, the
interesting thing is that the fusion point of Ti6Al4V is
higher than that of 316L stainless steel, thus, the needed
energy input should be larger under the given condition.
This phenomenon can be explained by the poor thermal
conduction of Ti6Al4V. The accumulated energy makes
the fabricated tracks variegate and eventually generate a
worsened final surface. To avoid the accumulation of
energy, increasing the scanning speed is one of the
solutions [14]. Another benefit is that the fabricating
efficiency is improved, i.e., the fabricating speed is
increased, so that the temperature difference between the
previous solidification and the current layer is decreased.
The low temperature gradient between melted material
and the surrounding is conducive to avoiding of warpage
as it is cooled.

According to the above discussion, several vessel
scaffold models were developed, as shown in Fig. 7. The
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Fig. 6 Surface morphologies of fabricated specimens: (a) 316L
stainless steel; (b) Ti6Al4V

Fig. 7 Developed vessel scaffold models

unit cell was regular octahedral lattice, and two types of
scaffold, cylinder and cuboid respectively, were created
by Boolean operation. The process strategy mentioned
above was used except for a scanning speed of 800
mm/s. The models were fabricated without addition of
any support structure and each lattice was built upon the
peak of the previous lattice (the bottom lattices were
upon the substrate). After cutting off from the substrate
by wire cutting, the models were put into a glass cup

with alcohol and they were cleaned by using ultrasonic
cleaning for 5 min.

SEM image in Fig. 8 shows that the residual
powders within the pores are removed. However, some
powders still stick on the struts. These powders are partly
or even fully melted. Note that the strut size is always
small, the focused laser spot may affect the geometric
accuracy. According to the following expression:

Drin=(4M*f)/(nnDy) 4)

where Dy, is the theoretical minimal focused laser spot
size, /A is the optical wavelength, M is the beam quality, f
is the focal distance, 7 is the expanding factor, and Dj is
the waist diameter before expanding, the focused laser
spot size can be figured out. However, this calculation is
carried out without consideration of the influence of the
optical system and the transferred heat. The actual laser
spot size used in this experiment is about 70 pm, which
is obtained by measurement of the width of a scanned
track on a substrate without powders. This value is much
smaller than the strut size, yet the really existing powders
show that the geometric accuracy becomes deteriorated.
It is known that the dimensional accuracy can be
improved by suitable spot compensation but the
transferred heat still leads to sticking of powders on the
struts, affecting the accuracy. Actually, if the powders
nearby the struts are fully or partly melted, even a
random powder sticking on the struts may lead to an
absolute error larger than the average particle size. The
profile of the pores will become smooth by adding a
scanning line along the contour during the path
manipulation. An additive scanning can re-melt the
rough layer of the surface and create condition for the
re-distribution of melted materials [15,16]. However, as
for the implant scaffolds, the pores and the struts are
small and there is a requirement of biocompatibility, thus
the re-melting process needs to be optimized in the
further experiments.

Fig. 8 Defects of fabricated scaffold
4 Conclusions and ongoing study

1) Implant scaffold can be designed with
customized pores and good interconnectivity according
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to the individual characteristic of patient. During the
design stage, the processability of lattice needs to be
evaluated. Octahedral lattice has better processability
compared with the circular one.

2) Porous implant scaffold with good processability
can be directly fabricated by laser additive
manufacturing process without any addition of support
structures. During the fabrication, the transferred heat
causes sticking of powders on the struts and these
powders are not easily removed by high-pressure air or
ultrasonic cleaning. The profile of pores should be
further improved.

3) The current research has only explored some
issues during the development of implant scaffold. In the
further research progress, more types of scaffold with
more design freedoms will be developed, but before the
scaffolds are used in the clinical practice, the
improvement of process parameters and the test on
biocompatibility need to be further carried out.
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