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Abstract
Metallic biomaterials are widely used to restore the lost structure and functions of human bone. Due
to the large number of joint replacements, there is a growing demand for new and improved
orthopedic implants. More specifically, there is a need for novel load bearing metallic implants with
low effective modulus matching to that of bone in order to reduce stress shielding and consequent
increase in the in vivo life-span of the implant. In this study, we have fabricated porous Ti6Al4V
alloy structures, using Laser Engineered Net Shaping (LENS™) to demonstrate that advanced
manufacturing techniques such as LENS™ can be used to fabricate low-modulus, tailored porosity
implants with a wide variety of metals/alloys, where the porosity can be designed in areas based on
the patient's need to enhance biological fixation and achieve long-term in vivo stability. The effective
modulus of Ti6Al4V alloy structures has been tailored between 7 and 60 GPa and porous Ti alloy
structures containing 23 to 32 vol. % porosity showed modulus equivalent to human cortical bone.
In vivo behavior of porous Ti6Al4V alloy samples in male Sprague-Dawley rats for 16 weeks
demonstrated significant increase in calcium within the implants indicating excellent biological tissue
ingrowth through interconnected porosity. In vivo results also showed that total amount of porosity
plays an important role in tissue ingrowth.
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1. Introduction
Currently pure Ti and Ti6Al4V alloys are widely used for load bearing metal implants because
of their exceptionally good corrosion resistance and excellent biocompatibility. However, these
materials are bioinert and have significantly higher stiffness than natural cortical bone.
Although the durability of Ti based total hip replacement (THR) is quite good, some implants
still fail as a result of instability and aseptic loosening of the implant, which arises due to: (a)
weak interfacial bond between implant surface and living tissue, (b) stress-shielding and (c)
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wear induced osteolysis. Metallic biomaterials such as Ti develop interfacial fibrous tissue that
isolates the implants from their surroundings. Fibrous tissue encapsulation is of concern due
to excessive relative micromovement of the device that can occur at the bone–implant interface
because of poor interfacial bonding. In addition to this significantly higher elastic modulus of
Ti6Al4V alloy implants (114 GPa) than porous natural cortical bone, which is between 10 to
30 GPa, cause the nearby bone to be insufficiently loaded and over time become stress shielded
leading to bone resorption and premature failure. This modulus mismatch has been identified
as one of the major reasons for stress shielding of bone [1-3]. Furthermore, THR surgeries are
being performed with a higher rate of incidence in younger patients, which exposes the implant
to greater mechanical stress due to the more active lifestyle of this demographic group over a
longer period of time. For these reasons there is a significant demand for improved THR's, and
similar load bearing implants, which can perform for a longer lifetime in vivo.

In vivo life of load bearing implants can be increased by (i) increasing the interfacial bond
between bone tissue and implant materials, and (ii) decreasing the effective modulus of the
implants, via compositional or structural modification. The primary function of porosity in
orthopedic metal implants is to support tissue adhesion, growth and vascularization. Another
desirable property of porous materials for hard tissue repair is the ability to control their elastic
modulus to match that of bone, thus reducing the problems associated with stress shielding.
Porous materials have been shown to effectively reduce the modulus mismatch and provide
stable long-term anchorage for biological fixation of the implant due to bone tissue ingrowth
through the pores [4-6]. In vivo results of porous Ti implants [7] showed significant increase
in osteoconductive properties with increase in total porosity and increasing the pore size
increased the amount of new bone growth. Similar influence of porosity on bone ingrowth has
also been reported in porous bioactive Ti implants [8].

Conventional powder sintering has been used to fabricate surface treated or fully porous metals
for biomedical applications [9-12]. These conventionally sintered metals are often very brittle
and are prone to crack propagation at low stresses. Moreover, pore size, shape, volume fraction,
and distribution are difficult to control, which have a major influence on mechanical and
biological properties. Other fabrication techniques that use foaming agents or molten metal
suffer from typical limitations such as contamination, impurity phases, limited and
predetermined part geometries, and limited control over the size, shape, and distribution of
porosity. Overall, the parts fabricated using the above outlined processes usually suffer from
loss of physical properties due to stress concentrations at the porous interface, microstructures
changes, and surface contamination from the high temperature sintering process [4,9,10,12,
13-26]. Because of these reasons, fabrication methods for porous metals that can ensure
uniform pore size, shape and distribution, and high levels of purity for metals in biomedical
applications are in high demand.

Recently advanced laser based solid freeform fabrication (SFF) technologies such as selective
laser melting [27] and direct laser sintering [28] have been used to fabricate porous Ti
structures. Laser Engineered Net Shaping (LENS™) is one such SFF process that is primarily
used to build near net shaped metallic parts. Being a CAD and layer based manufacturing
process LENS™ gives a significant advantage over conventional manufacturing methods in
terms of controlling the shape, size and internal architecture particularly of porous structures.
The schematic representation of the LENS™ process is shown in Figure 1a. Initially, a three-
dimensional model of a component to be built is generated using CAD, subsequently a
computer program slices the model into a number of horizontal cross-sections or layers. These
cross-sections are sequentially created on a substrate producing a three-dimensional object.
More detailed description of the process is provided in [5]. Previous work involving LENS™
has been focused on net shape manufacturing [29,30]. Recently this process has also been used
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to fabricate net shape porous metals [5,31,32] which have been reported to have superior
mechanical, physical, and biological properties.

In this work, we have used LENS™ to fabricate porous samples of Ti6Al4V alloy to enhance
biological fixation of the implant via tissue ingrowth though the pores and also to reduce the
stiffness mismatches between implants and bone. The objective of our study is to create porous
Ti6Al4V alloy structures using LENS™ and to demonstrate that advanced manufacturing
techniques such as LENS™ can be used to fabricate tailored porosity implants with variety of
metals/alloys, where the porosity can be designed in areas based on the patient's need to enhance
biological fixation and achieve long-term in vivo stability. LENS™ processed porous Ti6Al4V
alloy structures were also evaluated for their in vivo performance in male Sprague-Dawley rats
up to 16 weeks. Influence of total porosity of LENS™ processed porous Ti6Al4V alloy
structures on mechanical properties and in vivo performance is discussed in detail.

2. Materials and Methods
2.1 Processing of Porous Ti6Al4V Alloy Structures

Ti6Al4V alloy powder (Advanced Specialty Metals, Inc. NH, USA) with particle size between
45-150 μm was used in this study. The substrates used were rolled commercially pure Ti plates
of 3 mm thickness (President Titanium Co., MA, USA). LENS™-750 (Optomec Inc.
Albuquerque, NM, USA) with a 500W Nd-YAG laser system was used to fabricate porous
Ti6Al4V samples in a glove box with O2 content less than 10 ppm. Two laser power levels of
180 and 200 W were used to partially melt the alloy powder during the deposition process to
create porous structures. In this work, scan speeds of 10, 15, 18, and 25 mm/s and powder feed
rates of 15, 20, 30, and 35 g/min were used study their influence on the porosity. Also, in order
to control the pore size and distribution, the distance between two titanium alloy tracks was
varied between 0.762 and 1.27 mm. Table 1 summarizes different process parameters used in
this study.

LENS™ processed parts are produced via layer wise deposition, and each layer consists of a
number of consecutive overlapping tracks/scans. The final density of a LENS™ processed part
can be considered as the average of the density of each track/scan. Therefore, the extent of
powder melting in each track/scan decides the achievable porosity in the final part depending
on laser powder (P), scan speed (v), hatch distance or scan line spacing (h) and Z-increment
or layer thickness (t). The increase in powder feed rate is reflected in terms of increase in the
layer thickness, i.e., layer thickness must be increased to maintain a constant standoff distance
between the laser head the substrate. In the present work, all of these parameters are unified
into one single factor to understand their influence on the density of LENS™ processed parts.
The total energy input per volume of each track/scan (E) as a function of processing parameters
was evaluated from [33]:

(1)

Cylindrical samples with 7 mm and 12 mm diameters were fabricated for compression testing
and microstructural evaluation, respectively. Bulk density, which includes both open and
closed pores, of the samples was determined by measuring physical dimensions and mass of
the samples. Apparent density was measured in water using Archimedes principle. The fraction
of open and closed pores in the samples was calculated from the bulk and apparent densities.
Microstructures of the samples were examined using both optical and scanning electron
microscopes (SEM). Three samples corresponding to each density were compression tested in
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a screw driven universal testing machine at a strain rate of 10-3 s-1. Polytetrafluoroethylene
(PTFE) was used as a lubricant between the sample and compression tools to reduce friction.
Young's modulus and 0.2% proof strength were determined from the stress-strain plots derived
from load-displacement data recorded during compression testing. For porous elastic materials,
the relationship between the elastic modulus and porosity has been widely investigated. In this
work an attempt has been made to estimate the Young's modulus of LENS™ processed porous
Ti alloy and compared with experimental values using Nielsen's relationship [34]:

(2),

where: E = Young's modulus of porous material; Em = Young's modulus of pore free / fully
dense material; ν = Volume fraction of porosity; ρ = Geometry factor based on pore shape. (In
the present work geometry factor was taken as the roundness of the pores computed as:

).

Vicker's microhardness measurements (Leco, M400G3 model) were performed on the laser
processed Ti6Al4V alloy samples using 200g load for 15s. An average value of 10
measurements on each sample was reported and compared with conventionally processed
Ti6Al4V.

2.2 In vivo Study
2.2.1 Porous Ti6Al4V alloy Implants—LENS™ parameters used to fabricate porous
Ti6Al4V alloy samples for in vivo study are shown in Table 2. Porous Ti alloy samples with
3 mm diameter and 6 mm in length were used for in vivo study. Samples with three different
densities, i.e., 75%, 89.3% and 97.2%, were used to study the influence of porosity on biological
tissue ingrowth as a function of implantation time up to 16 weeks. Ti alloy sample with 97.2%
density was used as control.

2.2.2 Surgical Procedure—Male Sprague-Dawley rats (280-300 grams, Charles Rives
Laboratories International, Inc., Wilmington, MA, USA) were provided free access to food
and water upon arrival to the vivarium. Rats were housed in individual cages with alternating
12h cycles of light and dark, in temperature and humidity controlled rooms. Ethics approval
for animal experimentation was obtained from Washington State University. On day one of
the surgical implantation study, the rats were anesthesized using IsoFlo® (isoflurane, USP,
Abbott Laboratories, North Chicago, IL, USA) coupled with an oxygen (Oxygen USP, A-L
Compressed Gases Inc., Spokane, WA, USA) regulator, and monitored by pedal reflex, and
respiration rate to maintain surgical plane of anesthesia. Monoject® 23 gauge (0.6 mm × 25
mm) polypropylene hub hypodermic needles (Sherwood Medical, St. Louis, MO, USA) were
used for injection. Undyed braided-coated polyglycolic acid synthetic absorbable surgical
suture (Surgical Specialties Corporation, Reading, PA, USA) was used for stitching. Rats were
secured to the bench in a dorsal recumbency position with the forelimbs fully extended at 90°
angles to the vertebra as to restrict venous return in the jugular vein. Rats were euthanized by
overdosing with halothane in bell jar and then administration of a lethal injection of potassium
chloride (70%) into the heart. For each of the three density groups (75%, 89.3% and 97.2%)
and two time points (6 and 16 weeks), five (n=5) male Sprague Dawley rats (Mean ∼300.0 g),
hence a total of 15 animals were used in the study.
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Following acclimation, all animals underwent a bilateral surgery to create an intramedullary
defect in the distal femur (3 mm diameter, 3 mm deep). The defect was created in the lateral
condyle by means of a 2-3 mm drill bits. The cavity was rinsed with physiological saline and
any bone fragments washed out. The size of the defect was checked using a 3 by 3 mm deep
standard cylinder. This defect did not create any lameness and were filled with the titanium
implants. On the day of experiment, the animals were implanted with porous Ti6Al4V alloy
with three different porosities, 25.0%, 10.7% and 2.8% (control sample). Each animal received
a control implant and in addition either 75.0% of 89.3% dense implant in the contralateral leg
for each group. One half of the animals from each group were sacrificed 6 weeks post-surgery,
while the last group of rats was sacrificed at 16 weeks post-surgery. At necropsy, all the distal
femurs were harvested and preserved and implants photographed.

2.2.3 Ion Concentrations in the Implants—Porous Ti6Al4V alloy implants were pushed
out of the bone at 6 weeks or were separated from the bone at 16 weeks and weighed. Implants
were incubated at 4°C in 2 mL of distilled water and sonicated in an ultrasonicactor for 1
minute. A Shimadzu Atomic Absorption spectrometer AA-6800 (Kyoto, Japan) in the flame
ionization mode consisting of an ASC-6100 auto-sampler and hallow cathode calcium lamps
were used to determine Ca concentration in the implants as a function of implantation time.
Integrations and data collection were carried out using Shimadzu Wizard software (Kyoto,
Japan). Stock solutions were freshly prepared in ionization buffer to obtain a final concentration
of 2- 4μg/mL. Calcium and ionization buffer standards were purchased from High-Purity
Standards (Charleston, SC, USA) and standard curves were prepared at determined
concentrations of 0 to 4μg/mL.

2.2.4 Statistics—Five rats were used per treatment groups. The, Ca++ concentration in
different density groups of implants were compared using a two-way analysis of variance
(2ANOVA). When a significant F value was found, post-hoc analysis was performed by
Bonferroni's multiple comparison tests. In all cases, a P value of < 0.05 was considered
significant. Data are presented as mean ± standard error.

3. Results
3.1 Relative Density, Pore Geometry and Microstructures

Typical porous Ti6Al4V samples with different porosities fabricated using LENS™ are shown
in Figure 1b. The sample surface clearly showed porosity which was open to the sample surface.
The bulk density of laser processed porous Ti6Al4V alloy samples varied from 67 to 85%
depending on processing parameters. Influence of various laser parameters on sample density
is shown in Table 1. At constant powder feed rate and laser power, increasing scan speed
resulted in high porosity in the samples. Similarly, porosity increased with decreasing laser
power while other parameters being held constant. Finally, highly porous parts were fabricated
by increasing the hatch distance. Figure 2 shows the influence of specific energy input (E) on
the bulk density of laser processed Ti6Al4V alloy samples. As expected the bulk density
increased with increasing specific energy input. Close observation of this variation indicate
the rate of densification is high at low energy input, which gradually decreases at high laser
energy inputs. The amount of open pore volume in these LENS™ processed porous samples
was evaluated using bulk and apparent densities. The open pore volume fraction varied between
19 to 40% of total porosity. Maximum open pore volume of 40.6% was observed at a scan
speed of 25 mm/s and a powder feed rate of 30 g/min.

Evaluation of pore interconnectivity, pore size, and shape was done by performing
microstructural study on both part build direction and perpendicular to part build direction of
porous Ti6Al4V structures. The build direction refers to the z-axis or part axis. Although bulk
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density decreased with increase in the scan speed or powder feed rate or decrease in the laser
power, no significant change in the pore diameter was observed. However, hatch distance was
found to have strong influence on pore diameter and the mean pore diameter increased with
an increase in the hatch distance. The mean pore diameter of the samples made with 0.762 mm
hatch distance was in the range 60 - 700 ± 20 μm and hatch distance of 1.27 mm resulted in
mean pore diameter between 300 and 1500 ± 90 μm. Figure 3 shows that the pore
interconnectivity was different in different directions. In general, there was more connectivity
between the pores along the build direction than in perpendicular to build direction as shown
in Figures 3a and b. However, the pore connectivity was relatively more uniform in both
directions when the density was decreased below ∼75% as shown in Figures 3c and d.

Typical matrix microstructures of as-received Ti6Al4V alloy powder and laser processed
porous samples are shown in Figure 4. As-received powder and laser processed samples
showed a mixture of α and β phases in the microstructures. However, it was found that the
laser processing increases the needle shaped β phase. These observations were confirmed by
XRD study on as-received powder and laser processed Ti6Al4V alloy samples as shown in
Figure 5. The results show that a considerable amount of high temperature β phase is retained
at room temperature in laser processed samples. In addition, relatively higher amount of β
phase in laser processed samples along with finer α phase resulted in higher average hardness
of 347 ± 18 HV when compared to the hardness of 308 ± 28 HV for as-received alloy powder.
Table 1 shows Vicker's microhardness measurements of LENS™ processed porous Ti6Al4V
alloy samples fabricated under various processing conditions. Since the microstructure of these
samples did not change significantly due to various laser parameters used in the present work,
the hardness of various samples was also within the standard deviation of average hardness of
347 ± 18 HV.

3.2 Mechanical Properties
Mechanical properties of laser processed porous Ti6Al4V alloy structures are shown in Figures
6 and 7. The data indicates that the Young's modulus of the laser processed porous samples
can be varied between 7 to 60 GPa by changing the LENS™ process parameters. The modulus
of laser processed samples having porosity in the range of 23 to 32 vol% is close to that of the
human cortical bone. The average 0.2% proof strength of LENS™ processed porous Ti6Al4V
alloy structures was between 471 to 809 MPa.

3.3 In vivo Behavior of Laser Processed Porous Ti6Al4V alloy Implants
The results indicate that the rats initially lose up to 20% of their initial body weight after surgery
and start to regain weight after the first week of surgery. Rats sacrificed after 6 weeks of surgery
required some force to push out the implant from the bone indicating initial biological fixation
between the porous implant and the living tissue. However, at 16 weeks, it was impossible to
push out the 75% dense implant from the bone due to strong bonding with the bone as result
of biological tissue ingrowth. Moreover, the bonding was significantly high for implants with
highest porosity, i.e., 25% porosity.

To corroborate the weight change observations, porous Ti alloy implants were characterized
in terms of their calcium content at 6 and 16 weeks after surgery. The results, shown in Figure
8, indicate that significant increase in Ca++ concentration was apparent in implants with 25%
porosity only after 6 weeks. Other implants with 10.7% and 2.8% porosity showed very low
Ca++ concentration content. Changes in calcium content within the implants showed an
increase at both 6 weeks and 16 week time points in which an increase in concentration was
dependent on porosity. Figure 9 demonstrates typical tissue ingrowth in the present laser
processed titanium alloy implants at 16 weeks post-implantation. Significant biological tissue
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ingrowth is apparent in the 75% porosity Ti6Al4V implants compared to the implants with two
other porosities.

4. Discussion
Current experimental results demonstrate that the properties of porous metallic biomaterials
can be tailored to suit human bone properties, by using different design approaches in
combination with appropriate laser processing parameters. It is also shown that the amount of
porosity that can be introduced in the LENS™ processed samples is directly related to the
specific laser energy input, consequently the extent of powder melting, depending on the
process parameters. At constant laser power and powder feed rate, high scan speeds decreases
the specific energy input by decreasing the interaction time between the powders and the laser.
Lower energy input means lower working temperatures and hence low amount of liquid phase
around the powder particles due to partial melting of the powder. These surface melted powders
join together in the presence of liquid metal at the particle interfaces, leaving some interparticle
residual porosity. Particle bonding during LENS™ processing is the result of localized melting
and subsequent solidification as against solid state sintering in powder metallurgical route.
Therefore, the inherent brittleness associated with solid state sintered metal powders is
completely eliminated in laser processed porous samples. Moreover, intensifying the specific
energy input by increasing the laser power increases the working temperatures and
consequently melts the powder completely leading to dense deposit/layer. In addition, at high
working temperatures the flow of liquid metal to fill the inter particle pores becomes easier
and promotes higher densification than at low working temperatures. Higher porosity at large
hatch distance is due to the fact that powders will be deposited at wider spacing between
successive scans. Although, total porosity is important in reducing the effective modulus of
porous metals, the amount of open pore volume is very important for biomedical applications.
High amount of open pores in the samples will allow more body fluids to be transported to the
interior of the implant through the interconnected pores, which will subsequently accelerate
the healing process allowing tissue to grow inside the implants. The open pore volume varied
between 19 to 40% of total porosity for our samples. Although there is no clear trend, the laser
parameters which increased the total pore volume also increased the open pore volume.

The increase of pore size and interconnectivity due to the increase of hatch distance is caused
by the reduction of the overlap region between the successive scans and the increase in the
space between successive laser scans. At low hatch distance, due to high amount of re-melting
of existing solidified road by the next scans results in higher densification in this region. The
discrepancy in pore connectivity in different directions is attributed to the selection of distance
between two successive scans in each layer, thickness of each metal layer and the deposition
angles of laser scans for each layer. Since the scan distance and thickness of each layer is
constant, the pores are regularly arranged along the build direction. In this case, the pore
connectivity in the perpendicular to build direction is predominantly influenced by the other
processing parameters such as laser power, scan speed and powder feed rate, which can change
the porosity within the metal lines and hence their connectivity. Therefore, better connectivity
between pores is ensured in low density samples by changing those parameters. In the case of
high density samples, the pores can be oriented layer by layer via changing the deposition
angles in each layer leading to a three-dimensionally interconnected porosity.

The retention of high temperature β phase in the laser processed samples is attributed to the
high cooling rates associated with laser processing which do not allow sufficient time for the
high temperature β phase to transform to low temperature α phase. It is important to note that
presence of β phase can not degrade the biocompatibility of these samples, as both α + β Ti
and β Ti alloys are widely used for biomedical applications. High hardness of laser processed
material is attributed to high solidification rates of laser processing, which leads to the
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formation of finer α phase and retention of more high temperature β phase at room temperature.
Similar microstructures of various laser processed structures indicate that process is
reproducible. It has been shown that the microstructure of laser processed porous samples had
no influence on their biocompatibility [6]. Only pore characteristics such as pore size and shape
found to have strong influence on cell-materials interactions [6]. Therefore, microstructural
variations such as high amount of β phase in the laser processed Ti6Al4V alloy samples can
not degrade their biocompatibility.

The density range difference between the porous Ti6Al4V samples and that of natural bone is
due to the inherent high density of Ti6Al4V alloy. Although the density is high, it is imperative
to notice that modulus matched to that of natural bone. The elastic modulus varied depending
on porosity of the structures. It was observed that the higher the porosity the lower the modulus,
which is attributed to the introduction of porosity in the samples. Estimated modulus values
using Equation 2 (Nielsen's relationship [34]) are compared with experimental values in Figure
7. The discrepancies between calculated and experimental modulus values, especially at low
densities, are presumably due to the influence of pore geometry, neck size, stress concentrations
and microstructural variations. However, at higher densities good agreement was observed
between experimental and theoretically estimated values. It is important to note from the
Nielsen's relation that the shape or geometry factor of the pores can strongly influence the
modulus of porous samples. This relation indicates that by changing the pore geometry from
more regular (spherical pore with geometry factor of 1) to irregular shape the modulus of porous
metals can be decreased. For example, one can make implants with identical porosities but
with different moduli. Therefore, LENS™ provides more flexibility for designers to tailor the
modulus of these porous implants without changing their bulk density or total pore volume,
which is impossible via conventional processing routes such as powder sintering. This is
because it is possible to tailor the pore shape in LENS™ processed porous implants by changing
distance between two successive laser scans in each successive layers during fabrication. The
moduli of as-processed porous Ti6Al4V between 7 and 60 GPa cover the modulus of human
cortical bone which has a modulus in the range of 3 to 20 GPa.

The in vivo biocompatibility results with male Sprague-Dawley rats in a 16 week study show
that the laser processed samples promote tissue ingrowth through the interconnected porosity.
Apart from the porosity, the rough surface morphology within the pores also helps in biological
tissue attachment and growth in these laser processed samples [6,36-38]. Three sets of samples
were used with total porosity of 25%, 10.7 % and 2.8% volume porosity. The in vivo results
clearly showed the influence of the amount of porosity on biological tissue integration. A high
amount of open pore volume allowed more body fluids to be transported through the
interconnected pores, which subsequently accelerated the healing process by allowing tissue
to grow inside the implants and improved the biological fixation. High amount of Ca++

concentration in 25% porosity samples demonstrated this. For samples with low volume
fraction porosity, significantly less Ca++ concentration was noticed due to less amount of body
fluids transported through the available open pore volume. These results suggest that there
could be a critical amount of porosity needed in these implants to initiate formation of the
biological tissue. Considerable amount of ion concentration suggests the formation of new
tissue in the pores of these porous Ti6Al4V alloy implants. In addition, there appeared to be a
peak in the calcium concentrations at 6 weeks, which decreases at 16 weeks. Though the exact
reason for this variation is not clear, this may suggest remodelling or tissue matrix being
replaced by other factors at these early time points. Furthermore, the effects of stress shielding
inside the porous implants may occur. Similar bone remodeling process up to 12 weeks in
porous CoCrMo alloy implants has been reported [39], where both the mature and less mature
bone were found in the pores.
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Overall, in vivo results show that the pore interconnectivity is very important for the implants
to show positive influence on osteoconductive properties of metallic implants. These results
also demonstrate that the laser processing do not change the inherent in vivo biocompatibility
of metallic biomaterials. Our results suggest that LENS™ process enables us to fabricate net
shape implants with designed porosities, which can be extended to other metallic biomaterials
without altering their purity and biological properties.

5. Conclusions
LENS™ can be used to fabricate net shaped, functional implants to meet individual patient
needs and can be extended to other metallic biomaterials as well. Under the present
experimental conditions, the total porosity of Ti6Al4V samples varied in the range of 18 to
32%. Depending on the porosity, the elastic modulus varied between 7 and 60 GPa and 0.2%
proof strength between 471 and 809 MPa. Porous Ti6Al4V alloy structures with 23 to 32 vol
% porosity have modulus equivalent to natural bone. Open pore volume faction up to 0.40 of
total porosity in these samples can accelerate the healing process through biological fixation.
This has been demonstrated in vivo with male Sprague-Dawley rats in a 16 week study with
samples having 25%, ∼11% and ∼3% total porosity. After 16 weeks, the 25% porosity samples
showed the highest amount of Ca++ concentration within the pores suggesting a faster rate of
tissue generation and integration compared to samples with lower pore volume.
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Fig. 1.
(a) Schematic depiction of LENS™ process (b) typical porous Ti6Al4V samples fabricated
using LENS™.
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Fig. 2.
Influence of specific energy input on the relative density of laser processed Ti6Al4V alloy
samples.
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Fig. 3.
Micrographs showing pore connectivity (a) Part build section, 180W, 15g/min, 10 mm/s,
0.762mm, relative density 80% (b) Same as (a) Perpendicular section, (c) Part build section,
200 W, 30g/min, 25mm/s, 1.27mm, relative density 70% (d) Same as (c) Perpendicular section.
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Fig. 4.
Typical microstructure of (a) as-received powder (b) laser processed samples.
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Fig. 5.
X-ray diffraction pattern of laser processed structures and as-received Ti6Al4V alloy powder.
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Fig. 6.
0.2% proof strength of laser processed porous Ti6Al4V samples.
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Fig. 7.
Young's modulus of laser processed porous Ti6Al4V samples.
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Fig. 8.
Ca++ concentration in porous Ti6Al4V alloy implants. Each bar indicates the mean
concentration of Ca++ and each vertical line indicated the S.E.M. of 5 rats per group. ***
P<0.001 vs. III, §§§ P<0.001 vs. II
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Fig. 9.
LENS processed porous Ti6Al4V implants after 16 weeks implantation in rat intramedullary
defects.
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