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ABSTRACT

Traditional manufacturing processes such as casting and machining are being largely replaced by the advanced manufacturing techniques
such as ALM and MIM in the bio-implant manufacturing sector due to their design flexibility, minimum wastage of raw materials,
power efficiency, ability to produce complex porous structures and accuracy. These techniques suffer from drawbacks due to their high
market cost and low surface finish of the implant produced. Porous titanium implants/scaffolds are being extensively manufactured by
these advanced techniques due to their high strength, high corrosion resistance, better surface characteristics for bio attachments and
biocompatibility. By making porous, the density and strength of the bio scaffolds/implants can be matched with the surrounding tissues
and bones for greater grip and provisions for bone in-growth. In this paper, the current designing and production methods of porous
titanium bio implants and scaffolds are being described in detail. In the designing phase of the implants, topology optimization is playing
a crucial role in increasing the flexibility in design by eliminating the need fortrial and error method for improved biocompatibility and
mechanical property.

Keywords:Biocompatibility; Implants; Scaffolds; Titanium; Porous, Additive Layer Manufacturing, Metal Injection Moulding,

Topology Optimization.

1. INTRODUCTION

The bones in our body are complex structured links
thatmaintain its healthy mechanical homeostasis condition by
discarding mature bone cells and replacing with new ones [1].
Bones generally exhibit a young’s modulus in the range of 3-30
GPa and stresses might sometimes exceed its limit resulting in
fracture or any other damage to the bone. In such situations,
metallic implants and scaffolds need to be attached to the actual
bone as supportive links and be intact until the healing is complete
[2]. Metals and alloys, that exhibit biocompatibility with the body
tissues and bones, are commonly employed materials for the
production of the metallic implants and scaffolds which includes
titanium and titanium alloys, cobalt based alloys and stainless
steel. Titanium and their alloys [56] have a limited usage due to
their high production cost but has some of most superior
properties such as high resistance to corrosion, high specific
strength [3], bio-compatibility and low conductivity which is
responsible for retaining a suitable PH value (comparable to
human body PH [4]) of the titanium oxides, formed on the surface
of the titanium specimen by a process of electrochemical oxidation
[5]. Moreover, pure titanium (CP-Ti) is considered the most
biocompatible material [6] due to the high resistance to corrosion
of its oxide layers [57] and spontaneous formation of the oxides in
contact with the oxidizing environment, maintaining a stable and
inert environment. The major mechanical limitations of Ti and its
alloys include their low wear resistance and high Young’s

2. POROUS TITANIUM IMPLANT/ SCAFFOLD DESIGN

In order to match the mechanical properties of the bones
and the titanium implants and scaffolds, manufacture of porous

Modulus (ranging around 110 GPa) [7,8,9]. Due to the extreme
mismatch in the Young’s Modulus of the titanium implant and the
bones [10], stress shielding and bone resorption are a common
occurrence which needs to be avoided by reducing the elastic
modulus [11]. An effective technique in reducing the Young’s
modulus of the titanium and titanium alloys is the introduction of
interconnected pores or adjustable relative density in the material
as suggested by [12] for isotropic material. This also facilitates
bone in-growth and formation of channels for transportation of
nutrients and metabolic waste [13,14]. The mechanical properties
of the porous titanium implants can be altered by adjusting the
pore size distribution or volume fraction [15] of the pores. Elastic
modulus under compressive load has been found to be decreased
with an increase in the size of the pores [16]. Porous titanium
implants can effectively be produced employing the advanced
techniques of manufacturing of biomaterial implants which
include the Additive Layer Manufacturing (ALM) and Metal
Injection Moulding (MIM). These techniques yield accuracy in the
implants, less wastage of material, complex porous structure
manufacture and provide flexibility and cost effectiveness in
design alterations. In this paper, the design of the porous titanium
implant/scaffold, the advanced techniques of ALM including SLS,
SLM and EBM and MIM processing techniques, advantages and
limitations are described in detail.

material proves to be an effective way of employing the advanced
techniques of manufacturing such as ALM and MIM. The
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production of an appropriate porous structure begins with the
design phase which can be implemented using different modelling
and analysis methods such as CAD and Finite Element Analysis
(FEA), image based design, implicit surface designs and topology
optimization.

CAD based designs are generally performed employing
various CAD tools. Based on the scaffold libraries, CAD system
has been employed to automate the entire design process of
optimizing parts for better unification of the properties of the
damaged bones, surrounding tissues and the titanium
implants/scaffolds and for model topologies [17,18,19]. The
libraries are enriched with the introduction of Bio-inspired parts
and contributing to improvement in the overall mechanical
performance of the scaffold/implant structure [20,21,22]. Image
based designs are based on Computed Tomography (CT) scan and
Magnetic Resonance Image (MRI) data which are utilized to
design the actual structure of the damaged bone in the form of 3D
computer models and comparing using Boolean combination of
the actual digital image with the architecture image (empirical or
Bio inspired shapes) [23,24]. Implicit surface design enables

3. ADDITIVE LAYER MANUFACTURING (ALM)

ALM technology can be suitably employed for the
production of porous titanium implants and scaffolds with
complex features and customization. Apart from the flexibility in
its production capability, multi phase materials can also be
fabricated using ALM technology. ALM is based on a process of
depositing layers of the material one over the other having
specified area of deposition to form the final product. The data for
the specified area and dimension of the part to be fabricated is
imported into the ALM device from the CAD design software.
Advanced ALM techniques include powder based Selective laser
sintering (SLS), Selective laser melting (SLM) and Electron beam
melting (EBM) [53, 54,55, 58]. These are described below:
Electron beam melting (EBM).

In electron beam melting, electron beam emitted from an
electron source is accelerated and concentrated onto the titanium
powder by letting it pass through a magnetic field, to melt the
metal powder layer upon layer, building the final solid porous
structure. The electron beam is directed at a power of upto 3 kW
and under vacuum which is a favourable condition for working on
titanium at elevated temperature. The major challenge in the
production of porous titanium implants/ scaffolds is the surface
roughness problem which is difficult to minimize due to
involvement of a number of factors like particle size, electron
beam current and part orientation. The surface interaction of the
titanium bio metal and the biological environment is important as
it determines the biocompatibility and mechanical suitability of
the implants /scaffolds. The bone ingrowth and bone bonding
improve and enhances the load bearing capability of the
implants/scaffolds. It has also been shown that the surface
roughness having the range within 0.5 pm proves to be possessing
the property of ideal biocompatibility [30].

The structure fabricated using the EBM process is of high
strength and elasticity of around 1.34 GPa, having the
microsructure containing both the phases (a+ ) and are
influenced by the high temperature working and lower cooling
rate. Due to higher temperature, titanium gets enough time and

introduction of pore shapes using a single mathematical equation
for modelling of porous scaffolds employing flexible systems such
as the Tripy periodic minimal surfaces (TPMS) [25,26].

Topological optimization is a mathematical technique to
fabricate the scaffolds/implants in its desired properties for
optimized biocompatibility and mechanical performance by
rearranging the material and satisfying to specific constraints.
Thus, minimizing the effort for trial and error method and
facilitating complex scaffold/implant designing. It is a
computational method that was first developed for structural
engineering designs [27]. Currently, this method has been
developed far beyond the scope of just the traditional structural
engineering design [28].

The design and fabrication parameter selection of the
porous titanium scaffolds and implants, influence greatly the
properties and qualities of the final structure of the part [29].
Moreover, the processability of the designed part by the methods
of the advanced production technique of ALM must be considered
during the topology optimization stage of designing so that the
production of the final part can be seamlessly executed.

fluidity to fuse for higher elastic modulus. EBM produces a
shallow and a larger diameter weld spot of around 128 um and due
to its lower cooling rate, a dwell period of temperature is
maintained within the pool which differentiates the microstructure
obtained from all other processes while maintaining the
mechanical property intact [31].

Selective Laser Melting (SLM).

In selective laser melting, laser light source instead of
electron beam can be converted by optical means to a very small
diameter spot (less than 100 um), enhancing the energy density to
a small point. Due to such concentration of energy, the accuracy of
the operation increases and larger depth can be achieved.
Integrating SLM with the CAD system or CT scan, complex
porous titanium implants/scaffolds can be fabricated with high
precision and biocompatibility, mimicking appropriately with
human bone [32]. The major drawback of building parts using
SLM process is the low surface finish that is obtained.

An important parameter of the SLM process that influences
the strength and the pore characteristics of the porous titanium bio
implants and scaffolds arethe scan spacing width. With increase in
the width of the scan spacing, the porous material tends to reduce
in its Young’s modulus of elasticity. For better interconnections
between the pores in the bio-implant, the pore size must be 3 times
larger than the particle size and thus the ideal pore size is taken to
be ranging between 250 to  450um [33]. Young’s modulus of the
titanium alloy has been reduced to match with the mechanical
strength of the cortical bone by introducing 5-10% of porosity in
the material [34]. Pore size and interconnection between the pores
influences the bone in-growth and bonding with the
implant/scaffold surface and an optimal pore size of 600 um is
taken, for better mechanical strength, fixation and biocompatibility
[35]. Fabrication capability of the SLM process has been
investigated in terms of dimensional accuracy of the titanium alloy
(Ti-6Al-4V) part with the actual CAD model which gives an
excellent result [36].
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There are two important process parameters of SLM such
as laser scan speed and power which need to be optimized for the
best quality porous structure of titanium. The ratio of the laser
power to the scan speed is generally termed as light energy density
(LED), the value of which when increased (or decrease of scan
speed) forms micro balling and cracks in the structure. Reducing
the LED value or increasing the scan speed, disordered
solidification and fusion of powder particles takes place and low
strength parts manufactured [37].

Selective Laser Sintering (SLS)

SLS system utilizes a low temperature fusion process of
powder particles for manufacture of complex porous structure thus
facilitating the application of polymers, polymer bio-ceramic
composites, NiTi and Titanium silica. The powder particles are
heated to its sintering temperature and partially melted to fuse
together. SLS was the first powder bed fusion technology to be
commercialized. It differs from the other powder bed fusion based
techniques in its material usage and low temperature requirement.
Metallic composite based SLS system utilizes heat from the laser
source to partially melt the metal particles to fuse together with the

polymer particles acting as a binder in its melt state. After
completion of the solidification, the polymer is removed by the
process of de-polymerization to obtain a porous metallic structure.
Metallic foams are commonly produced porous structure-based
implants and scaffolds using SLS system. Metallic foams have
been fabricated to imitate the cellular structure of the cancellous
bone and at the same time introducing required porosity, strength,
shape, size and biocompatibility [38,39].

The important parameters to be considered for better
performance of the SLS process in production of porous structure
metallic implants can be given as the scanning speed, laser power,
fabrication layer thickness and laser hatch spacing. SLS systems
can be used efficiently for the fabrication of bone scaffolds made
of a mixture of Titanium and silica in a ratio of 2:1. Titanium
implants have been reported to consume a laser power of about
15-16 kHz with a scanning speed of 100mm/s. Later after the
fabrication, the implant is taken through the sintered temperature
of 900°C for 120 minutes to acquire the strength of around 142
MPa [40].

4. METAL INJECTION MOULDING (MIM) MATERIALS AND METHODS

Metal injection moulding is a unique powder metallurgy
(PM) operation with the incorporation of plastic injection
moulding technique, that provides enough flexibility in implant
design [41,42,43,44] and is capable of producing both porous and
solid titanium implants. MIM can be effectively exploited for the
manufacturing of small and medium sized implants with complex
dimensions in industries. The attributes of the PM such as the
flexibility in selecting the composition of the powder, low cost and
simplicity are combined with the characteristics of the plastic
injection moulding such as rapid production and complex parts
manufacturing ability [42]. Nelles et al. [45] published the first
U.S. patent in 2003 in developing a MIM system to produce
porous titanium implants using space holders such as KCI or
NaCl. Later on, developmental works in improving the MIM
process to incorporate space holder as the means to produce
porous structure of titanium implants have been performed
[46,47,48]. With the help of MIM technique and using hydrate
dehydrate (HDH) titanium powder and space holder (NaCl) as raw
material, Chen et al. [47] produced a porous titanium implant with
60% porosity. The steps in producing a porous titanium implant
using MIM technique [52] have been described in detail below:
Feedstock Preparation.

The input material for the MIM technique is first
prepared by mixing different Titanium powder particles, space
holders and binder together under different thermal condition.
Commercially available pure titanium powder (higher than 99.6%
purity) that has been gas atomized, KCI micro cube particles as the
space holders for porous formation of the final implant and a
combination of high density polyethylene (HDPE) of 36% wit,
paraffin wax of 61% wt and stearic acid of 3% wt as the binder
material have been taken for the preparation of the feedstock. 95%
of the titanium powder particles had the size lesser than 45 um
while KCI micro cubes for space holder had the size greater than
250 um with the value of the volume ratio of (Ti+KCI) to the
binder material in solid loading condition, taken as 69%. This

percentage of solid loading was found to be appropriate for the
mixing process and the injection moulding process as suggested
by previous studies [44].

The Ti powder, KCI space holder and the binders are first mixed
thoroughly under the dry condition for about 60 mins which are
then taken to a preheated mixer to mix the particles at a
temperature of 150° C for 2 hours under an argon atmosphere to
avoid oxidation at elevated temperature. The mixture is then
cooled to room temperature and further mixed by repeated
extrusion through an extruder that has been preheated to 160° C.
Finally the extruded material is hand crushed to reduce the size of
the particles to less than 3 mm for MIM process.

Metal Injection Moulding.

The crushed granulated titanium feedstock with binder in
it is then fed into the injection mould where under extreme
pressure of the ram and at a temperature lesser than 200° C, the
material is injected into cavities that havebeen shaped in the form
of the implants /scaffolds. The green part obtained after
solidification and cool down is then immersed into a bath of
Hexane kept at a temperature of 50° C and for a duration of 20
hours for complete removal of the paraffin wax. This phase is
termed as the solvent debinding phase which is then followed by
immersion of the part into a water bath kept at 60°C for a duration
of 24 hours to eliminate the KCI particles (space holder). After the
solvent debinding, the next step is the thermal binding where the
Ti part is taken to a temperature of about 550°C at the rate of
1°C/min under an argon flow of around 3L/min and then
maintained isothermally at that temperature for about 1 hour. This
thermal debinding operation extract out the remaining HDPE
material to form a brown part which is subsequently followed by
the sintering process under a vacuum condition, slowly raising the
temperature at the same rate to a temperature of about 1150,1250
and 1300°C (in steps) and then cooled at a relatively higher rate of
4°C/min.
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The surface finish obtained after the sintered Ti part is
cooled to room temperature is not appropriate which is basically
influenced by processing parameters such as starting powder
particle size and the tool finish of the mould cavity. Requirement
of improved design of the furnace to avoid contamination of the
titanium at elevated temperature, availability of carbon free

5. CHALLENGES AND FUTURE DIRECTIONS

A few challenges associated with implication of
advanced manufacturing techniques are the surface roughness
(obtained from both the techniques) which can be corrected by
applying few chemical and mechanical post processing and
coatings. Further development in improving the surface
complexities of the implant is needed to enhance the cell and
tissue attachment and bone ingrowth.

Due to the mechanical strength and biocompatibility of
titanium-based material, it is increasingly expanding its range of
usage in bio-medical industries. Advanced manufacturing
techniques such as ALM and MIM recently are being used
extensively in production of porous titanium bio-implants and
arereplacing the traditional casting and machining operations. This
is supported by their various advantages in metal implant
production such as no wastage cost, flexibility in design, energy

6. CONCLUSIONS

From the above discussions, it is clear that porous titanium
implants and scaffolds can be suitably manufactured by employing
the advanced manufacturing techniques of ALM and MIM. Before
the actual production, a thorough investigation into the design of
the implant/ scaffolds is done and analyzed for mechanical
strength, sufficiency in porosity, biocompatibility and adequacy in
surface roughness using various CAD tools. Topological
optimization is another aspect in design phase of porous titanium
bio-implants which provides a mathematical tool to optimize for
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