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1. Introduction

Ti6AI4V is a generic alloy which had widespread application
in the engineering, surgical and biomedical industries and has
become a reference metallic material in ASTM F standards [1], due
to its unique mechanical and biocompatible properties [2]. Most
researchers have focused on optimizing the laser powder bed fusion
(LPBF) process to manufacture dense Ti6Al4V parts [3-5], but
more recently great attention has been given to manufacturing low-
density TiBAl4V lattice structures for engineering and biomedical
applications [6,7], due to their unique loading bearing and
multifunctional characteristics.

Lattice structures can be described as a periodic array of cells
making up of struts connecting between two nodes which are rigidly
bonded [8,9]. Lattice structures are ultralightweight metamaterials
with high specific strength, high specific rigidity, high durability,
high energy absorption rate, and thermal protection [8,10], therefore
fulfill multifunctional requirements for most engineering and
biomedical applications.

The mechanical behavior of a lattice material is mainly dependent
on its internal architecture, the relative density, strut aspect ratio
(radius/length), unit cell geometric configuration, unit-cell size,
properties of parent material, and rate of loading. By changing the
spatial configuration of struts and/or strut diameters, different
geometries with different material properties can be produced.
Thus, the mechanical properties of lattice structures can be tuned
for a specific application [11,12].

However, with the conventional methods of manufacturing
such as sheet forming, perforated/slotted, sheet folding, extrusion,
wire assembly, and investment casting methods it was very difficult and
almost impossible to produce periodic lattice structures with complex
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The study focused on producing lattice structures using rhombic and diagonal nodes and indicating
their logical biomedical and engineering applications. Laser powder bed fusion manufacturing
technology a subset of additive manufacturing was used to manufacture the lattice structures with
different struts geometry. Average elastic modulus value of 5.3+0.2 GPa was obtained for the
rhombic lattice structures and 5.1+0.1 GPa for the diagonal lattice structures. Generally, the mechanical
properties of the lattice structures produced could be logically considered suitable for biomedical and
engineering applications. The mechanical properties of the lattice structures could be fine-tuned for a
specific engineering or biomedical applications by varying the lattice properties of the lattice

tailored geometrical configurations [13]. The cell size of most of
the lattice structures produce using the conventional methods were
of the order of centimeters [7], due to the inherent limitations of
the classical methods to produce complex lattice structures. The classical
methods require multiple processing steps of perforating and folding
from metal sheets. These steps are time-consuming and allow the
production of a limited amount of lattice geometries [15].

However, with the rapid development in manufacturing technology
and the emergence of additive manufacturing (AM) technology
such as laser powder bed fusion manufacturing technology, it is
possible to produce lattice materials with struts diameter ranging
from submicron’s to millimeters [16] which would permit the
production of functional lattice structures based on position and
geometrical requirements for each specific application [12].

LPBF manufacturing technology is an eco-design topology
optimization technology that allows very complex shapes to be
created monolithically additively, as opposed to the conventional
methods of subtractive manufacturing. LPBF manufacturing technology
is considered a renaissance of the manufacturing industry because
it provides almost unchallenged freedom of design. The high
degree of freedom offered by the LPBF technology of building
complex lattice structures with tailored geometries would enable the
novel development of lightweight customized biomimetic structures and
functional engineering structures [17].

Despite the remarkable celebration of Ti6Al4V alloy for
biomedical applications, issues of stress shielding effect (the miss-
match between the elastic modulus of the dense Ti6AI4V implants
and the bone tissue) [2,6] leading to implant failure [12] are still
unresolved. This is due to replacing damaged bone tissues of low
elastic modulus (Table 4) with dense Ti6Al4V alloy which has a high
elastic modulus (110 GPa) [2]. To avoid the miss-match between
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the elastic modulus of the metallic implant and the bone tissues,
biometric structures such as lattice structures of low elastic modulus
(Table 3) are required. Ashby et al. [18], have already pointed out
that when nature builds, she generally uses cellular materials; wood,
bone, coral, but when modern man builds large load-bearing
structures, he uses dense solids; steel, concrete, glass. There must be
a reason why mother nature uses cellular structures. Mimicking
mother nature by manufacturing the Ti6AI4V implants using
cellular structures topology instead of the dense Ti6Al4V implants
might probably solve the stress shielding effects issues. In the quest
to mimic nature as the most ideal model, the current research is
focused on using the versatility of LPBF technology to manufacture
lattice structures of intricate shapes with mechanical properties that
might be comparable to that of bone tissue to avoid stress shielding
effect. Also, the ever-increasing demand for developing lightweight
structural materials for automotive and aerospace applications
could be solved by using lattice structures to build some of the
components of aircraft and automobiles parts [15], since lattice
structures are ultralightweight metamaterials and their mechanical
properties can be fine-tuned by changing the spatial configuration
of the lattices. The current research, therefore, seeks to produce lattice
structures with intricate shapes and investigate their mechanical
properties and elucidate the possible biomedical and engineering
applications of the LPBF manufactured lattice structures based on
the obtained mechanical properties.

2. Experimental

2.1 The CAD models

The nodes (unit cells-Figure 1) are the basic unit building
blocks of the lattice structures. Rhombic and diagonal nodes were
selected for the study partly because they can be easily manufactured
by most AM technology including LPBF [15] and as lattice structures,
they could create rough surfaces, to stimulate bone ingrowth
(osseointegration), to mimic bone properties in order to avoid the
stress-shielding effect [12], excellent performance and multi-
functionality while reducing weight for engineering applications
[9,10]. The lattice structures were generated by repeating the unit
cells in three dimensions along the X, y, and z-axis. The samples
were designed with 5 unit cells of a rhombic node (Figure 1(a)) and
5 unit cells of the body diagonal node (Figure 1(b)) of 50%
volume fraction porosity. Volume fraction was defined as the
volume percentage of solid material in the CAD cellular lattice

(@) o

structure. The cell topology of each of the structures is identical intact
to ensure uniformity throughout the lattice. Five replications of
each node (5 x 5 x 5) length x breadth x height - were oriented
vertically in the ZYX direction. The strut sizes of the samples
were 1.317 and 1.669 mm for rhombic and diagonal structures,
respectively. The struts sizes and the volume fractions of the
samples were chosen to mimic the orthotropic properties of the
human bone as reported in the literature [12] and any possible
engineering applications.

The model samples (Figure 1) have strengthened edges to avert
the effect of edge effects which is normally prevalent in compressive
mechanical testing of lattice structures. The strengthened edges
would prevent localization of the stresses and strains on the edges
under a compressive load and distribute the load more extensively
and evenly [19].

2.2 Manufacturing of the lattice structures

The Electro-Optical System (EOS M280), a direct metal laser
sintering (DMLS) machine was used for manufacturing the lattice
structures. The machine mainly comprises a process chamber with
a recoating system, computer control elevating systems, platform
heating module, an optical system equipped with 400 W fiber laser, a
process gas management system and a process computer with control
software.

Spherical argon atomized Ti6AI4V (ELI) powder procured from
TLS Technik was used. The elemental composition of the powder
in weight percent (wt%) is presented in Tabel 1.

The 10t™, 50" and 90" percentiles of equivalent diameter
(weighted by volume) of the powder particles were d10=13 um,
ds0=23 pm and d9eo=37 pm. The substrate and powder materials
were similar in chemical composition. Argon was used as the protective
atmosphere; the oxygen level in the chamber was 0.07-0.1%. The lattice
structures were manufactured with optimum process parameters; laser
power of 170 W, scanning speed of 1.25 m-s™, hatch distance of 80
pm and powder layer thickness of 30 pm with zigzag scanning
strategy [20]. The laser spot diameter was 80 pm. Four samples were
manufactured for each type of the lattice structures and coded R1,
R2, R3, and R4 for the rhombic lattice structures and D1, D2, D3,
and D4 for the diagonal lattice structures. The samples were stress
relieve in Ar atmosphere at a temperature of 650°C for 3 h and
were cut from the based plates using electrical discharge machining.
The samples were cleaned in an ultrasonic bath to remove the
“loose attached” powder residues.

(b)

Figure 1. (a) Rhombic node and its lattice CAD model and (b) Diagonal node and its lattice CAD model.
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Table 1. Elemental composition of the Ti6AI4V.

Element Ti Al \Y% (0]

N H Fe C Y

Content (wt%) Bal 6.34 3.94 0.058

0.006 0.001 0.025 0.006 0.001

2.3 Compressive test

MTS Criterion Model 43 Electromechanical Universal Test
System machine was used for the compressive test. The samples
were uniaxially compressed such that the top surface area of the lattice
structures was in direct contact with the head of the testing machine.
The compressive stress was determined as the ratio of the load (30 kN
max load cell) to the top surface of the lattice structures at a strain
rate of 0.3 mm-min. A total of four specimens were tested for each
type of lattice structure, based on the 1ISO 13314 testing standard [21].

2.4 Metallurgical preparation of the samples

The cross-sections of the nodes of the lattice structures were
prepared for metallographic studies using standard metallography
procedures as demonstrated in the literature [23,24]. The samples
were ground on 3000 SiC paper, polished with colloidal silica, and etched
with Kroll's reagent (5 ml of HNO3 + 10 ml of HF (48% concentration)
+ 85 ml H20). ZEISS Axio Scope. Al Optical Microscope was used for
the optical analysis. The surface morphology of the lattice structures
was examined with a scanning electron microscope (JEOL
JSM-7800F SEM) operated at a voltage of 15 kV.

3. Results and discussion

3.1 Mechanical analysis of the lattice structures

From the CAD models (Figure 1), the LPBF lattice structures
were manufactured (Figure 2) for the study. The accuracy of the struts
was investigated to determine if the geometry of the manufactured
samples correspond to the CAD models. The struts sizes were measured
and there was no significant differences between the struts of the CAD
models and the manufactured samples. The struts size for rhombic
lattice structure manufactured samples was 1.329+0.184 mm and
1.699+0.198 mm for the diagonal lattice structure. It could be inferred
from this observation that the LPBF technology is attaining maturity
and can be used to manufacture intricate shapes of thin walls with
geometrical accuracy. This observation corresponds to the experimental
results of Yadroitsev et al. [25]. They focused on manufacturing
DMLS customized filters (lattice structures) of micron-sized channels
and reported no significant variation between the CAD model and
the manufactured DMLS thin walls (filters). A similar observation
was demonstrated by Ma et al. [14] and Maskery et al. [26].

However, other studies reported that the LPBF lattice structures
can exhibit geometrical characteristics different from their original
CAD data [13]. The SEM micrographs reveal that the lattice struts
demonstrated rough surfaces (Figure 3) which could be due to
semi-melted attached powder particles to the surfaces of the struts which
could not be removed during the ultrasonic cleaning. Higher surface
roughness and pores within the struts could have a detrimental
effect on the mechanical properties of the lattice structures [7].
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The samples were compressed uniaxially until mechanical
failure occurs at the maximum load. The values of the applied load
against displacement were recorded automatically with the MTS
Criterion Model 43 Electric testing machine software. The Stress-
strain graphs of compression test results are shown in Figure 4 and
the resultant mechanical properties are presented in Table 2.

The general deformation of lattice structures can be divided
into three categories. The linear elastic stage, plastics stage and
densification stage [22]. During the linear elastic stage, the lattice
structures deformed linearly, and its elastic modulus is proportional
to the structure materials elastic modulus. Once the elastic limit is
reached the cells begin to yield or buckle which represents the plastic
deformation stage. The densification stage is reached when the cells
make contact with each other and the stress increases steadily [22].

As can be observed from the stress-strain graphs the lattice
structures demonstrated steady elastic deformation (Figure 4) as typical
of lattice structures. However, the samples demonstrated limited
plastic deformation and fail without going through the densification
phase as postulated by previous authors [11,22,27]. This could be
due to the magnitude of the load apply (30 kN). A similar elastic
response of lattice structures was reported by de Damborenea et al. [6]
without significant plastic and densification deformation before failure.
Maskery et al. [26] also reported a similar observation for as-built LPBF
lattice structures, however, after post heat treatment, the authors
reported that the lattice structures underwent significant plastic and
densification failure mechanism. For lattices structures once the plastic
limit is reached, increasing the load would just result in a steady
increase in the stress value due to densification while the mechanical
integrity of the material is already compromised, hence the elastic
and plastic stage deformations are the main characteristics that
determined the selection of lattice structures for a particular application.

The mechanical properties of the rhombic and the diagonal
lattice structures were almost the same, even though the geometrical
and struts orientations are different. The similar results may be due to
the same volume porosity and similar struts sizes. However, it is known
that lattice structures with the same volume porosity with different
geometrical struts orientations could produce entirely different
mechanical property results (Table 3), which point to the fact that there
are other parameters (cell type, cell geometry, orientation, etc.) apart from
cell porosity that influences the mechanical properties of lattice structures.

(b)

Figure 2. DMLS Ti6Al4V lattice structure: (a) rhombic and (b) diagonal.
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Figure 3. SEM micrographs of the struts of the Ti6AI4V lattice structure: (a) rhombic and (b) diagonal.
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Figure 4. Compressive graph for Ti6AI4V lattice structures: (a) rhombic and (b) diagonal.

Table 2. Mechanical properties of LPBF Ti6AI4V lattice structures.

Types of lattice structure ~ Max load Elastic Modulus Compressive stress Compressive strain
(kN) (GPa) at maximum load at maximum load
(MPa) (%)
Rhombic 25 5.3+0.2 168.4+14.4 3.40+0.58
Diagonal 25 5.140.1 162.7+4.8 3.19+0.07

Table 3. Mechanical properties of AM manufactured Ti6Al4V lattice structures.

Type of lattice structure Porosity Elastic Modulus Ref.
(%) (GPa)

Scaffold with rectangular struts 70.2+0.4 5.140.3 [11]
Scaffolds with shifted strut alignment 71.9+0.2 3.740.2 [11]
Scaffolds with diagonal struts 68.7+0.2 6.740.3 [11]
Unit cell in the form of prisms 69 0.341 [6]

Diamond structure 80.5 1.6 [28]
Hatched structure 59.5 12.9 [28]
Honeycomb-like structure 66.3 2.5 [29]

J. Met. Mater. Miner. 30(4). 2020
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As can be observed from Table 3 the literature reveals a wide
range of mechanical properties that could be obtained from Ti6Al4V
lattice structures. The unique advantage of manipulating the mechanical
properties of lattice structures based on the type of node, strut size,
orientation, geometry, porosity, etc. have hinted the logical possibility
of manufacturing biomedical and engineering products with tailored
mechanical properties [31].

3.2 Microstructural analysis of the lattice structures

Metallic materials are highly microstructural sensitive, examining
the microstructure of the lattice structures could reveal valuable
information about its mechanical properties. Understanding the
relationship between microstructure and properties of the lattice
structures would empower the designing and manufacturing engineers
to manipulate the mechanical properties of lattice structures for
specific industrial applications [17].

The microstructures (Figure 5 and Figure 6) demonstrated the
overlapping of subsequent scan tracks as a result of the optimum
hatch distance and the selected scanning strategy employed,
which signifies the perfect welding of each layer onto the layers
that surround it. Such adequate overlapping would ensure the
manufacturing of dense 3D lattice structures [23]. Further analysis
reveals the presence of micropores, similar to what was reported by
previous authors [5,14]. Maconachie et al. [22] pointed out that the
micropores could be removed by post-thermal treatment. The
micropores identified from the cross-section of the lattice struts were
less than 20 um when measured, hence the samples were considered
as well-built dense 3D objects as reported elsewhere [32].

Due to the layer-wise (layer-by-layer) building process used by
the LPBF technology the microstructure (Figure 5 and Figure 6) of
the lattice’s structures could be different when viewed from different
planes (axial and radial axis). The cross-sections of the rhombic and
diagonal nodes along the axial (perpendicular) axis reveal primary
B with well-defined grain boundaries (Figure 5(a) and Figure 6(a)).
The conspicuousness of the grain boundaries could be attributed to the
complex crystallization environment during the LPBF process.
The melting and solidification of the Ti6AI4V powder particles and
the re-melting and re-solidification (thermal recycling) of the build
platform produce an enabling environment for the formation of
the well-defined grain boundaries. Columnar prior § grains were
observed along the radial axis (along the build direction) of the
cross-sections of the nodes (Figure 5(b) and Figure 6(b)). This is
due to the epitaxial building methods used by the LPBF manufacturing
technology [3,5]. Needles of fine acicular (o) martensite were found
inside the prior and columnar [ grains. The martensitic formation is
due to the inherent rapid rate of cooling and heating that accompanies the
LPBF manufacturing process. The martensitic formation would
lead to the production of LPBF as-built 3D components of low
ductility [34]. This reduction in ductility due to the fast cooling rate
might have contributed to the insignificant plastic deformation of the
lattice structures before failure (Figure 4). The directional variation in the
microstructure along the axial and radial directions is due to the very high
rates of heating and cooling (~10%-10 °C-s) cum the solidification
mechanisms [17] normally observed during the LPBF process.
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It is also reported that the mechanical properties of LPBF samples
are not isotropic along the axial and radial directions [5], due to the
hydrodynamic movement of the melt flow and the rapid solidification
mechanisms. To investigate this phenomenon of anisotropic behaviour of
LPBF lattice structures, the microhardness of the samples were
investigated along the axial and the radial directions. The FM-700
Digital Vickers Microhardness Tester at a constant load of 200 g for 15 s
was used to make 15 indentations on the surface of the struts of each
lattice structure and the average calculated. A microhardness value
of 372117 HV was recorded for the perpendicular direction (axial) and
361+12 HV along the building direction (radial). The difference in the
microhardness values attest to the fact that LPBF build parts are not
holistically homogenous throughout the bulk material as reported in the
literature. The microhardness values of the current experiment
correlate with the result of Becker et al. [5]. They investigated
microstructural evolution and the mechanical properties of the LPBF
Ti6AIl4V parts under different heat treatment. For the as-built samples,
a microhardness value of 367+5 HV was reported for the perpendicular
(axial) direction and 354+6 HV for the built direction (radial).

3.3 Logical biomedical applications of the LPBF
manufactured Ti6Al4V lattice structures

A careful study of nature had triggered the desire of exploring
the benefit of lattice structures for various applications including
biomedical applications [18]. Since nature is the most ideal model [9],
then there is a need to mimic nature in manufacturing biomedical
devices especially implanted devices with lattice structures.

Lattice structures are known to mimic the anisotropic porous
nature of bone and the possibility of tuning their elastic modulus over a
wide range by varying the lattice properties [35]. The creating of open
space within the lattices would also translate to minimal material usage
[10] and the discrete pore volumes in microns’ dimensions would
equally produce a perfect surface for bone-implant interlocking with
suitable biomechanical properties [36]. The quest for the intense
research into the mechanical properties of lattice structures for
biomedical applications is driven by their ability to prevent stress
shielding effect [12,37-39].

The mechanical properties analysis of the proposed LPBF Ti6Al4V
lattice structures obtained from the current experiment are suitable for
fabricating lightweight biomedical objects because their mechanical
properties (Table 2) are close to the properties of human bone (Table 4).

A thorough review of the literature reveals a disparity results
for elastic modulus for compact bone material, it ranges from 1-20 GPa
[41-47]. This disparity might be due to the complex factors (age,
gender, anatomical location, temperature, load orientation, amount
of water present, geometry or architecture, arrangement of collagen
fibers, mineral particles, bone density and bone diseases) that
determined the mechanical properties of bones [49-51].

Nevertheless, the elastic modulus of the experimental lattice
structures (Table 2) falls within the range of mechanical properties
of cortical and cancellous bones. The mechanical properties of the lattice
structures could be increased by changing the spatial configuration
of the struts [27] of the lattice structures to obtain any desired
required mechanical properties.
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Figure 6. Microstructure of diagonal nodes: (a) axial direction and (b) radial direction.
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As proven by nature (Figure 7) lattice structures can be used as
structural biomedical material [9,52]. A cross-section of human bone
morphology (Figure 7(a)), reveal a unique structure of solid-cellular-
solid. Replacing damaged bones with solid-dense Ti6Al4V materials
which have high elastic modulus (100-110 GPa [2]) would lead to
a stress shielding effect. Biomimetic implants made out of cellular
(lattice-non-stochastic cellular) objects would be more suitable. To avoid
the stress shielding effect lattice structures of precise mechanical
properties such as the once demonstrated in the current experiment
must be used to replace damaged bone tissues. Implanted biomedical
devices of low elastic modulus are recommended for areas of low
bending stresses to ensure homogenous load transferred stress
stimulation of the bone [12].

Such characteristics would serve the analogous function of epiphysis
and metaphysis (Figure 7(a)) found in the human limbs [39]. Biomedical
devices with low elastic modulus could stimulate the growth of bone
cells due to mechanical stimulus by physiological load application [12].

The parietal cranial bone is part of the skull and its architectural
arrangement is different from other parts of the skeletal system [54].
The skeletal systems have a cortical outer layer and cancellous
inner part (Figure 7(a)). But parietal bone is made up of two outer
cortical bone and sandwich cancellous bone (diploe Figure 7(b).
Such an architectural arrangement of ‘solid-porous-solid’ by nature
would provide a lightweight structure that is capable of resisting
damage under an external load of impact or crush. The spongy sandwich
core serves as an intracranial channel and lightweight energy
absorbing material while the solid cortical outer layer provides bending
and share strength to the whole structure [55]. However, the current
cranioplasty implants are completely solid or solid with some
perforated holes [56] which do not synchronize with the natural

Table 4. Mechanical properties of adult human bones [44].

architectural arrangement of the cranial bone structure. The recent
review report of Kwarcinski et al. [57] has revealed that the dense
solid cranial implants are most susceptible to implants infection when
compared to less dense cranial implants. A biomimetic replacement
is required for cranial traumatic patients to minimized implant failure.
The response of the head to traumatic loading is intrinsically linked
to the anatomy and mechanical properties of the crania [58,59], hence
any replacement which does not comprehensively take necessary
anatomical consideration in the design process could lead to implant
failure. Lattice structures could be used to manufacture the ‘solid-
porous-solid’ architectural arrangement demonstrated by nature
since their mechanical properties are similar to bone tissues.

Based on Figure 7(b), it could be predicted that during traumatic
loading when the first outer cortical bone fractures the second still
protects the brain before the cranial surgery, hence it is very important
to produce biomimetic crania implants, especially in an era of high-
speed automobiles. The automobile industry has taken advantage of
the rapid advancement in technology and are producing vehicles that
are moving with terrific speed resulting in increased accidents
around the globe [60]. In case of damage to the head, it is very important
to use biomimetic implants such as the one schematically presented
in Figure 7(b), which can be manufactured using lattice structures.
Such analogous replacement would prevent implant failure and
improve the life of cranial implants patients.

The earlier technologies did not permit the manufacturing of
biomimicry anatomical devices with control of mechanical properties.
The conventional methods of manufacturing permit manufacturing
of random cellular structures; a.k.a foams (stochastic structures)
which limit the possibility of manufacturing ‘porous structures’
with tailored or control mechanical properties.

Cortical bone

Cancellous bone

Longitudinal direction

Transverse direction

Tensile strength, MPa 79-151 51-56
Compressive strength, MPa 131-224 106-133 2-5
Elastic moduli of bone, GPa 17-20 6-13 0.76-4
(a) Spongy bone
(b)
Cortical bone

Trabeculae
spongy bone

Compact bone

=N
A5

Spongy bone (diploe)

Periosteum

Figure 7. (a) Cross-section of bone [53] and (b) a schematic representation of the architectural arrangement of ‘solid-porous-solid’ of the skull.
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However, with the advent of AM technologies such as at the
LPBF manufacturing capability demonstrated in the current research,
engineers can now produce structured foams (lattice structures)
with control geometrical configuration and mechanical properties
according to the desired specific function required - thus the possible
manufacturing of biomedical devices such as implants with
anatomical representations. Lattice structures can be customed design
for optimum osseointegration due to their ability to sustain excellent
bone ingrowth and high performance in terms of implant fixation.

It is also pointed out that lattice structures of the same struts
size like foams are about 3 times stronger than a typical foam.
The strength differences lie in the nature of material deformation.
Foams are governed by cell wall bending, while lattice elements
stretch and compress [10]. It could, therefore, be predicted that the
next generational implants would probably be anatomical representative
implants with lattice structures. It is not out of order when it is
estimated that global demand for AM lattice structures for
biomedical applications would grow to $116 billion by 2022 [61].

3.4 Logical engineering applications of the LPBF
manufactured Ti6Al4V lattice structures

The quest to reduce the mass of aerospace and automobile
parts to improve their performance is permanently in evolution.
To this end, lightweight is the principal design objective in the aerospace
and automobile industry. Because manufacturing such objects with
lightweight structures like lattice structures would translate into the
usage of less materials for manufacturing, less fuel consumption which
also means less emission of NOx and higher performance enabling
sustainable development at a lower cost [22]. It is widely speculated
that for each kilogram of weight reduction in aircraft weight could
save about US$ 3000 worth of fuel [62]. Huang et al. [63] went further
to give a detailed breakdown of aircraft parts that can be manufactured
by using the unique manufacturing advantages of AM. Using AM
technologies to manufactured complex shapes such as lattice structures
could lead to a 6.4% reduction in fuel consumption. NASA (National
Aeronautics and Space Administration) reported that the application
of lattice structures for aircraft manufacturing would lead to a 4.9%
reduction in fuel consumption and an 8.3% reduction in NOx
emissions [64,65]. The report of Bewlay et al. [66] also envisaged
that using the AM technology to manufacture lightweight near-net
shape of GEnx™ 1B (Boeing 787) and the GEnx™ 2B (Boeing
747-8) engine blades would probably lead to a 20% reduction in
fuel consumption, a 50% reduction in noise, and an 80% reduction in
NOx emissions compared with prior engines in its class whose engine
blades were manufactured using the conventional methods of
manufacturing. The possible advance in propulsion efficiency of
aircraft would largely depend on the unique manufacturing capability of
the AM technology to produced complex near-net shapes structures
such as lattice structures.

The mechanical properties of the Ti6Al4V lattice structures
(Table 2) produced in the current experiment perfectly fall within
the range reported in the literature for most engineering applications
[15,67-70]. Zhou et al. [67] produce lattice structure and obtained
yield strength in the range of 91 MPa and 139 MPa which perfectly
concord with the results of the current investigation. The lattice

structures were used to manufacture lightweight phase-change thermal
controllers to manage the temperature of various electronics in
spacecraft. The thermal controllers demonstrated high efficiency of
a 50% increase in thermal capacity compared to traditional alternatives
with similar mass. The architectural design of lattice structures
could provide the advantage of a large surface area and a large
number of interconnected pores to produce an optimized heat
transfer system for most engineering applications.

Obviously, with the monolithic manufacturing capabilities of
LPBF, AM is now at the center stage of manufacturing technology to
revolutionize the manufacturing industry. The conventional methods of
manufacturing could be used to produce only foams (stochastic
structures) but cannot easily produce periodic array to enables the
manufacturing engineer to produce lattice structures with reliable
and reproducible mechanical properties. The LPBF manufacturing
process has enabled unprecedented design flexibilities and application
opportunities. Lattice structures possess many superior properties
to solid material and conventional structures. Lattice structures are able to
integrate more than one function into a physical part [68,69], which
makes it attractive to a wide range of applications. With the unique
capability of the LPBF manufacturing technology to produce lattice
structures with complex geometrical accuracy, the era of producing
next generational biomedical devices with biomimetic architecture
and engineering products with tailored mechanical properties based
on the geometrical and functional requirements of the components
has arrived.

4. Conclusions

LPBF manufacturing technology was used to produced lattice
structures using rhombic and diagonal nodes. The mechanical
properties of the diagonal (5.1+0.1 GPa) and rhombic (5.3+0.2 GPa)
lattice structures could be used to produce biomedical implants with
low elastic modulus which could prevent stress shielding effects.
The lightweight properties of the lattice structures with its
multifunctional capabilities also make them very suitable for use in
the aircraft and automobile industries and other engineering
applications.
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