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Abstract

The present master dissertation examines the optimisation of a biomedical 3D printed implant study.
The finite element method (FEM) is used to discretise the model of an implant made from a human
shoulder blade (scapular). Simulations are performed using the Computer-Aided Design (CAD)
software Siemens NX, specifically the NX Nastran solver. This work is intended to reduce implant mass
and create a personalised geometry that considers the anatomy of the patient. Topological optimisation
(TO) is employed, and Ti-6Al-4V is chosen as the implant's material. The different operating
conditions, manufacturing constraints, and application of forces/loads at points where bone stress is
applied are studied. Next, the design goal is established, which is to reduce the mass in order to allow
tissue regeneration. The results show the distribution of the material. When the results are displayed,
the redistribution of the material is visible, and then the lattice structure is added. Later, the printing
simulation was conducted where the overlapping layers are simulated using the Direct Energy
Deposition (DED) 3D printing method. Unfortunately, the real object was not able to be 3D printed.
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1 Introduction

The research study has started with an in-depth review of literature in skeletal system diseases. This has
determined gaps in the research knowledge; how can the patient prognosis of skeletal implants be
improved by novel design and manufacturing techniques? Can an implant/structure be created, which
is more responsive or mechanically suitable? Multiple types of bone implants were explored, and in the
area of lower limbs (e.g., hip, knee implants), a comprehensive volume of research has already been
conducted. Further exploration of materials, biomaterials, and Functionally Graded Materials (FGMs)
was undertaken. It was determined to focus on the mechanical requirements for skeletal implants, which
thereafter led the research towards scapular supporting structures. In this area, rare recent studies have
investigated the opportunities that 3D printing can offer, yet there were no data about the micro design
of the material. This project future aim is to examine the benefits of designing material compositions
and meso structures via 3D printing heterogeneous implants.



2 Background

2.1 Scapulectomy
2.1.1 Clinical problem

Scapulectomy and limb-salvage surgery are shown for moo and high-grade tumours of the scapula and
soft-tissue sarcomas that auxiliary attack the bone. After adding up to or fractional scapulectomy, there
are three choices of remaking: humeral suspension (flail bear), add up to endoprosthesis and massive
bone allograft. These days prosthesis and allograft reproductions are the foremost utilised, and humeral
suspension is saved as it were as a rescue method when no other surgery is conceivable. A few ponder
clear separations and wound contaminations as the major visit complications of the scapular prosthesis
account for 10-20%. As of late, within the endeavour to avoid these complications, a few creators have
utilised homologous allografts to supplant bear support after scapulectomy for bone tumours, avoiding
common complications of the scapular prosthesis [1].

Scapular remaking after tumour resection could be a secure strategy and can be performed with
excellent functional, oncological and corrective outcomes but in reference centres and by expertise
specialists. Hayashi et al.[2] showed three scapular reproductions taken after resections for scapular
tumours (chondrosarcoma in all cases), and the distinctive reconstruction alternatives were analysed
and portrayed. The ultimate message was to send these uncommon tumours to reference centres where
a multidisciplinary group could treat these rare substances, and oncology specialists could arrange this
complex surgery.

Before the arrival of chemotherapy, patients with
bone tumours were mutilated. Nowadays, due to
the technological advances of biomedical
engineering and surgical technigues, non-
amputating techniques have been proven safe and
effective for bone tumours, with a percentage of
success of more than 90%. After the extraction of a
tumour, several reconstructive approaches are used,
like biological, prosthetic and joined implants for
bone repairment [3]-[5]. At present, a commonly
used technique is the modular endoprostheses,
which have evolved over the latest 40 years. This
method shows satisfactory results concerning the
recovery of the function and the rate of
complications in severe incidences [4], [6]-[8].
Another widely used method is scapulectomy,
which is the removal of the scapula when either a
lower or a higher grade tumour exist, or other
invadable to the bone soft-tissues sarcomas [9].
However, most reconstruction methods showed
inadequate performance outcomes, and there is
room for developing more efficient implants [10],
which this project aims to fulfil.
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Figure 1. Scapular implant. Taken from[11]
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After complete or partial scapulectomy, the three main options are the humeral suspension, the entire
endoprosthesis, and the large bone allograft [9]. This research project is proposing a bone allograft that
has advanced mechanical properties while being light weighted and design optimised. Nevertheless,
conditions and sites with difficulty are emerging the need for anatomical patient-specific implants [3],
[12]-[14].At the moment, a developing interest is being directed to additive manufacturing because it
presents innovative solutions to such problems, enabling the customisation and personalisation of
implants [13], [15]-[17]. Those types of implants are precisely tailored for bone injuries on various
occasions, including oncologic and non, showing significant results [18]-[24]. The proposed implant
follows patient’s anatomy, while having advanced material properties by manipulating material meso
structures, using lattice structures and TO techniques.

2.1.2 Scapular Implants

The design of scapular implants varies depending on patients' needs and design engineers' available
technological equipment. Subtractive manufacturing methods, like milling or turning, could not enable
patient-specific anatomical implants, and scapular bone cavities could not be manufactured because of
this bone's specific details. An instance of an implant (Zimmer Biomet, Indiana, USA) for total scapular
prosthesis is shown in Fig.1. Inevitably, the geometry of the actual scapular bone is not followed [11].
In contrast, Additive Manufacturing (AM) methods enable more freedom in implant's design and
advanced designing capabilities.

Fan et al. [25] represented in a case series of patients with limb salvage surgery. In one of them, a 35-
year-old woman with right scapular Ewing’s sarcoma was diagnosed with a tumour that arose from the
scapula that had spread into surrounding muscles, forming a long soft tissue mass. The patient’s image
data from MRI and CT were imported into CAD software to reconstruct a 3D tumour model (Fig.2A).
Then, the other symmetric scapular bone data were introduced to create an anatomical patient-specific
implant (Fig. 2B). Next, the scapular bone was removed, and the additive manufactured porous titanium
implant was inserted following the bone’s exact anatomy (Fig.2C, D).

Figure 2. A) Recreated 3D scapular tumour representative. B) The virtual 3D replica of a scapular prosthesis. C) The
dimensions of excised tumour and prosthesis were well fitted. D) X-ray demonstrated an appropriate shoulder representation
21 months after the operation. Taken from [25]
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2.2 Additive Manufacturing (AM)

The AM or 3D printing process, is a manufacturing method that enables the of a 3D CAD model to be
constructed as actual object [26]. The term AM covers a group of processes in which the material is
deposited, solidified or joined layer by layer[27]. The entire procedure involves converting CAD files
into Computer-Aided Manufacturing files (CAM) by exporting Standard Tessellation Language files
(STL), as shown in the flow diagram of Fig.3. STL is a file format for stereolithography CAD software
created by 3D systems [28]. Other than STL files, many other file formats for AM have recently been
released. These include AMF and 3MF files. The STL file can be imported to a slicing program
depending on the printer’s compatibility. A G-code can then be exported from the slicing program to
be used in the printer’s interface. It can be transferred in text format either on a USB stick or memory
card. Different materials can be used in different printing conditions and with different material
properties. For this research, a metal 3D printer was intended to be operated. However, COVID-19
made it impossible to achieve this goal. It is essential to consider the most common barriers to additive
manufacturing design, including education, cost, validation, and finishing [28], to create a realistic
model.

Materials ‘
A 4

CAD ——STL —p{ CAM |——G-code - - 3D printer
b
‘ A
G o
Mesh )

Figure 3.CAD to CAM translation flow chart

AM or 3D printing is one of the most novel technologies used in the biomedical field, with numerous
unexplored possibilities. AM is an emerging technology used for bone reconstructions, complicated
revision surgeries for challenging sites where modular prostheses are unavailable [29]. The chance of
custom-made 3D-printed prostheses enhances their application in the surgical field despite the
complication rate, obtaining much attention for potential advantages [30].

Three-dimensional (3D) printing innovation has gotten incredible consideration within the past decades
in the academic community and industry since its focal points include customised manufacture, moo
fabricating taken a toll, exceptional capability for complex geometry, and a brief creation period. 3D
printing of metals with controllable structures speaks to a state-of-the-art innovation that empowers the
advancement of metallic inserts for biomedical applications. This audit examines existing 3D printing
methods and their applications in creating metallic medical implants and devices [31].

2.2.1.1 AMFfile

AM file format (AMF) is a standard for representing objects for AM processes (ISO/ASTM
52915:2016) [32]. The official instance is an XML-based configuration created to define the shape and
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configuration of any 3D model fabricated on any 3D printer via CAD software. Unlike its ancestor
(STL format), AMF includes colouring, textiles, lattices, and constellations [33].

An AMF can interpret one object or various objects ordered in a constellation, where each object is
defined as a collection of non-overlapping volumes, and each volume is represented by a triangular
mesh that references various points. These points can be shared amongst volumes referring to the
corresponding object. In an AMF file, the material and the colour of each volume, and the colour of
every triangle in the mesh can also be defined. The AMF file is compressed utilising the zip compression
format, but the . amf' file extension is maintained, and a minimum AMF reader implementation can
unzip an AMF file and import the geometrical information [34].

2.2.1.2 3MFfile

The 3D Manufacturing Format (3MF) is an open-source file format standard formed and revealed by
the 3MF Consortium [35].

The 3MF data format is XML-based and is created especially for AM. It involves information about
colours, materials, and other details that the STL format cannot illustrate [36]. 3MF is not expected to
contest the standard CAD space, characterised by neutral formats [37].

Corporations of CAD software such as Netfabb, Autodesk, Dassault Systems, and PTC belong to the
3MF Consortium. Different companies in the 3MF Consortium include Microsoft (for the operating
system and 3D modelling support), SLM and HP, whilst Shapeways is also added to provide a better
understanding of 3D printing knowledge. Other essential parties in the 3D printing and AM business,
such as 3D Systems, Stratasys, Siemens PLM Software, and Materialise, have latterly joined the
consortium [38]. 3MF Consortium has also publicised a C++ application of the 3MF file format to
encourage its adoption.

Following is a record of various benefits of the 3MF configuration [39]:

i.  Full-colour and surface mount in one file
ii.  Support designs connected to part details
iii.  Complete tray asset for straightforward machine preparation
iv.  Viewing, printing, and thumbnails in Microsoft Windows
v.  Functional storage of beam lattices
vi.  Numerous material asset
vii.  Developed to be used in industrial manufacturing
viii.  Native integration with Paint 3D and Microsoft Office

2.2.1.3 DICOM file

A DICOM file is an image stored in the Digital Imaging and Communications in Medicine (DICOM)
format. It includes an image from a medical scan, such as an ultrasound or MRI. DICOM files may also
involve identification data for patients to connect the image to a particular person.

The standard of DICOM is generated by the National Electrical Manufacturers Associa-
tion (NEMA) and the American College of Radiology (ACR).

It was difficult for anyone except the producers of magnetic resonance imaging machines or
computed tomography to decode the images at the beginning of the 1980s. Radiologists and
medicinal physicists needed to utilise the photos for the dose-planning concerning the radiation
therapy. NEMA and ACR merged their workforces to create a standing organisation in 1983.

13



In 1985, their first model, the 'ACR/NEMA 300, was published. It was titled "Digital Imaging
and Communications”. It was obvious that modifications were required shortly after the mod-
el's announcement. The text was unclear and contained internal inconsistencies.

The next version was released in 1988. Vendors more widely recognized this version. Picture
transmission was defined as using a dedicated two-combined cable (EIA-485). Georgetown
University hosted the first ' ACR/NEMA 2.0' interconnectivity technology, May 21-23, 1990.
Six companies participated in the event: General Electric Medical Systems (Merge Technolo-
gies), Siemens Medical Systems (acquired by Kodak), 3M, and DeJarnette Research Systems.
These same vendors exhibited industrial equipment supporting ACR/NEMA 2.0 at the Radio-
logical Society of North America in 1990. The second version that needed to be rewritten was
quickly recognized by many. Various modifications to ACR/NEMA 2.0 were made, such as
Papyrus (Standard Product Interconnect) and SPI ("Standard Product Interconnect™), which
were inspired by Philips medical systems.

In 1992, the US Army established the first large-scale deployments of the ACR/NEMA tech-
nology as part of the Medical Diagnostic Imaging Support (MDIS)[40]. Performance-based at
Ft. Detrick in Maryland. Loral Aerospace and Siemens Medical Systems supervised a group of
corporations that practised the primary US army Picture Archiving and Communications Sys-
tem (PACS). This system was used at all major Army and Air Force medical healing centres
and many US military hospitals. Merge Technologies and DeJarnette Research Systems created
the modality gateway interfaces from third-party imaging modalities to Siemens SPI interface.
This agreement also provided systems for the Navy and Veterans Administration.

The third version was published in 1993. The model's name was changed to Digital Imaging
and Communications in Medicine, abbreviated DICOM. The Conformance Statement was cre-
ated, new service classes were created, network support was expanded, and new service classes
were added. To detect DICOM from its antecedents, "DICOM 3.0 was initially assigned to
the DICOM standard [41]. Since 1993, DICOM has been continuously updated and expanded
to make modifications backwards compatible unless the original spec is incorrect or vague.
The current standard is the only "version” of DICOM. The "3.0" version number has been
removed. There are no "insignificant versions" to the bar, and there is no modern way to create
a new, inconsistent understanding of this pattern. It is unnecessary to mention the date of pub-
lication of a unique format [42].This excludes situations requiring particular conformance con-
ditions, depending on a resigned element that is not documented in the current standard.

Although the DICOM standard is widely accepted by medical imaging equipment manufactur-
ers and healthcare IT organizations, it has some weaknesses. DICOM is a standard that ad-
dresses technological interoperability issues in medical imaging. It does not provide a frame-
work or architecture to create a clinical workflow. Integrating the Healthcare Enterprise (IHE)
is an action that overlays DICOM (and/or HL-7) and defines profiles that allow you to choose
features from these standards in order to implement transactions for medical imaging interop-
erability use case scenarios.

Although always compatible with the Internet and based upon transport over TCP transport,
there is an increasing demand to support port 80 HTTP transport in order to make it easier to
use within the web browser. A family of DICOM RESTful services has been created to allow
mobile devices to access DICOM objects and services via the web. These include WADO-RS
and STOW-RS [43].
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2.2.1.4 DICOM and AM

There are many steps in obtaining physical models of bones such as the cranium, pelvic, and
scapular bone for various implants using patient specific CT scan data. These include identifi-
cation of a person, obtaining CT data in DICOM format and converting DICOM data into 3D
STL or CAD models. In addition, design and analysis of customised implants and the manu-
facturing of models and implants using AM [44].

To collect CT/MRI data from a patient. This is the first step towards creating patient-specific
physical modelling. A patient is identified in collaboration with a doctor, a hospital, or another
healthcare provider. A CT scan or MRI identifies the patient's defect site. CT/MRI data con-
tains 2D images that generate a 3D model for the specific bone/tissue. A spiral scanning tech-
nique can be used to ensure that these images are accurate and precise. Complete volume scan-
ning produces large numbers of slices and allows for the adjustment of the size of each slice
according to the case. DICOM is used to store the CT and MRI data [45].

2.2.1.5 Conversion of DICOM files to STL standard

A CAD model of the tissue/bone is required for additive manufacturing. Only 2D images are
included in DICOM data from CT/MRI machines and must be converted to CAD models be-
fore being input to an AM machine. There are many proprietary software packages (e.g. MIM-
ICS, Materialise, Belgium; 3D Doctor, Able Software Corps, USA; Geomagic Freeform and
3D Systems, USA; Geomagic Freeform, 3D Systems, USA;) as well as open-source (e.g.
DeVIDE, Visualization Group; InVesalius, Brazil, Osirix, Switzerland) available for this pur-
pose. These packages enable us to visualise and create a 3DCAD model of 2D images using
image manipulation and segmentation. The distinction between soft and hard tissues/bones
during image manipulation is needed [44].

Segmentation is a way to achieve this. Segmentation refers to the process of separating struc-
tures. The model should include the unwanted adjacent structures. There are many image seg-
mentation methods available, including region-based and edge-based and threshold and fea-
ture-based. Most software programs use the threshold method. This tool uses the threshold
method to define a range of grey densities. It expresses pixels that correspond to the osseous
tissues. It may seem like a simple task, but it is a vital aspect of the actual process. If the range
is not appropriate, it can lead to thickening and/or thinning of the osseous structures of interest.
These structures may be removed during the process and cause undesirable dimensional
changes. In order to locate the correct region of interest, a surgeon and radiologist can be very
helpful. They will need to separate bone from tissue, exclude anomalous structures, and remove
noise. A 3D virtual model is created of the tissue desired after segmentation. The biomedical
software saves the 3D model as an STL file [46].

2.2.1.6  STL models processing

STL converts the surface into small triangular features. The process of turning the 3D model into an
angled model can be imperfect and may include errors such as flip normal or gaps between triangles.
These errors can be fixed using software such as Magics RP (open-source software), Materialise
Belgium, Mesh Lab (open-source software), or Mesh Lab (open-source software). The number of
triangles in the faceted bodies can also be adjusted to increase or decrease the model's surface quality
[44].
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Once the STL files for the implant designs and parent bones have been created, they can be input to an
AM machine. There are two ways to get the final ready-to-use implants made using additive
manufacturing. One is direct manufacturing of readymade implants, and the other is rapid tooling. In
the former case, AM machines must be capable of fabricating implants in biocompatible materials such
as titanium alloy (Ti6Al4 V), stainless steel (316L), CrCoMo alloy PEEK (poly-ether-ether-ketone),
calcium phosphate/sulphate. This is possible using AM processes such as EBM (electron beam
melting), SLM (selective lasing melting), SLS [selective lasintering], LENS (laser engineered network
shaping), FDM, fused deposition modelling), and 3D printers. This is a good option if a high-end AM
machine is not available that can manufacture metallic implants. Even a low-end AM can be used to
make a prototype of an implant in this instance. The prototype does not have to be made from a
biocompatible material. The prototype can then be used to make a silicon or sandy mould that is used
to cast biomaterials end-use implants. Sand moulds are used for casting metallic implants. However,
silicon moulds can be used to make polymeric implants such as PMMA (polymethyl methacrylate) or
an expendable wax pattern in the investment casting of the metallic implant [47].

2.2.1.7 Sterilisation and validation of implants

The implant must be tested for biological, chemical and mechanical properties after being
manufactured. Before fitting into the patient's body, they must be sterilised to eliminate living
organisms such as yeasts and bacteria. Implant failure or severe illness can result from the placement
of an unsterile implant [48].

2.2.1.8 Evaluation of surface roughness

An implant-bone interface should have a certain degree of roughness. This encourages cell
proliferation and enhances the implant's adhesion. A higher level of attachment to the implant is
possible when the surface roughness value ranges between 1 and100 pum [49].

2.2.2 Metal 3D printing technology

In this section, a review on metal AM advances have been conducted to choose the appropriate metal
3D printing manufacturing technology for the proposed implant.

2.2.2.1 Selective laser sintering (SLS)/ melting (SLM)

Selective laser sintering [50] uses a powder-based technology. Lasers are used as energy
sources to bond the powder layer by layer and solidify it. Powder must have refined grains and
thermoplastic properties to allow it to flow, solidify and be viscous. The laser power determines
the thickness of each layer. The laser moves along the cross-section of a piece according to its
layer cross-section (Fig.4).
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Figure 4. Laser sintering procedure. Taken from[51]

The main components of the system are a laser, scanner and roller. This SLS system spreads
the powder from powder delivery to fabrication piston. The roller spreads powder onto the
platform that is being manufactured [51]. Spreading powder requires a forward stroke with a
roller. A similar roller is used to level powder on the fabrication platform by using a reverse
stroke. A heating mechanism is operated to heat the powder below its melting temperature.
This reduces porosity and thermal distortion, shrinkage, and the laser power requirement and
increases the laser absorption. Most common heating mechanisms include resistive heaters as
well as feed cartridges or infrared heaters.

After the powder is spread on the bed, the high-power laser beam scans the bed. The cross-
section of the sliced part of the CAD model is used for the scanning [51]. The computer system
controls the laser beam, and the scanning of that laser is integrated into it. This heats the pow-
ders cross-section of the sliced part sufficiently to melt the sintered and fine particles partially
so that the current layer can stick to the previous layer. After the scanning of the current layer
has been completed, the powder delivery piston and fabrication piston move up and down, and
a new layer is deposited. The layer thickness of the powder bed determines the movement of
the piston. The penetration depth of heat on the powder bed determines the power of the laser
beam. Parts are made with a higher power laser beam. However, the layer thickness and thick-
ness of the heat will affect the finish of the part. The process continues until all three-dimen-
sional parts have been made. The powder is then removed with a pump and cleaned with
brushes. The powder can then be recycled. It can take some time for the part to cool down
before it is removed from the chamber. The overhanging part of SLS does not need any addi-
tional support. Instead, the unsintered loose powder acts as a support. This is an essential ad-
vantage of SLS. SLS parts can be used to create prototypes, models, moulds, and patterns for
short-run production [52].

Materials:
I.  Polystyrenes and Polyamides
ii.  Thermoplastic Elastomers
iii.  Bronze, Stainless Steel, Tool Steel and Zinc
Applications:
I.  Prototypes: Investment Casting, Automotive Hardware, Wind Tunnel Models.

ii.  End-Use parts: Electronics hardware, military, medical, aerospace, and other industries.
iii.  Rapid production of tooling, fixtures, and jigs.
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Advantages:

i.  No additional support structure is necessary for the sintering powder.
ii.  Parts exhibit high strength and stiffness.
iii.  Complex Structures that include interior components are possible to be built without
having to trap the material inside.

Parts can be printed with completely functional parts.
Disadvantages:

i.  Porous and brittle

Ii.  Sensible to shrinkage, warping
iii.  Creates excess waste
iv. Costly

2.2.2.2 Electron beam melting (EBM)

In the 1990s, the University of Sweden established the Electron beam melting process [53].
This is similar to the SLS method using powder technology. However, the electron beam of
4KW is employed to create a dense part. Porosity cannot be avoided due to the nature of laser
sintering. When an electron travels at half the speed light strikes the powder surface, it causes
the melting of the powder. This will produce kinetic energy. The electron beam is generally
more efficient than a laser for conductive materials. Fig.5 illustrates a powder-based machine
and how a part is constructed on an EBM. The part can be designed using a 3DCAD program
or created using a CT scan from a patient. As explained in the previous section, the part is
saved as an STL file and uploaded to the machine. Layer-by-layer, the part is made by melting
metal powder using the EBM process. This results in a 3D part made of metal with a functional
component that can be utilised immediately. Parts are manufactured in a vacuum. The chamber
temperature is kept at around 1000 °C to enhance material properties and reduce internal
stresses.

L ) *— Electron-beam gun

Leveling roller

Electron beam

\F— Deposited track

Figure 5. Electron beam melts powder utilising the speed of the electrons. Taken from [51]

/A
Powder bed \

The powder platform or powder bed is covered with a layer of powder metal. It is then placed
in a vacuum chamber. Preheating a metal powder reduces the residual stress concentration and
prevents distortion. The electron beam [54] gun can selectively sinter preheated metal powder
by increasing or decreasing the beam power. These electrons are heated to 2500 °C and accel-
erated through anodes at half the speed of light. A magnetic lens brings the beam into focus,
while another magnetic field regulates the beam's deflection. The beam of electrons focuses on
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the powder bed. The kinetic energy is converted into heat energy to melt the metal powder.
Controlling the number of electrons within the beam can control the power. To achieve a well-
defined hardening, the cooling must be controlled. The parts will need to be final machined
after fabrication, as with all other processes. Processing parts in a vacuum creates a calm envi-
ronment which improves mental abilities. The powder bed platform is then lowered, and a new
layer is added to the metal powder by using a roller mechanism. To level the powder bed, an
identical roller is employed. The process continues until all three-dimensional parts have been
completed. This process results in the creation of a dense part. The part can then be used to
create models, moulds, tools, patterns, and prototypes.

Materials:

i.  Chromium-Cobalt Alloys
ii.  Titanium

Advantages:

I.  Manufacturing speed. EBM allows the beam to be separated and heated in multiple
places simultaneously. This significantly speeds up manufacturing speed. A laser must
scan the surface.

ii.  Preheating the powder prior to melting reduces deformations and helps reduce the need
for reinforcements or supports during manufacturing.

Disadvantages:

i.  Precision. The electron beam at the powder level is slightly wider than the laser beam,
which reduces accuracy.

i.  The maximum volume of components that can be produced. On the other hand, laser
machines offer manufacturing volumes that are at least twice as large.

2.2.2.3 Direct metal deposition (DMD)/ Directed Energy Deposition (DED)

A group of AM processes that add material and input heat at the same time is Direct metal deposition
(DMD) or DED [55]. A laser or electron beam can be used as the heat input, and for the material,
feedstock wire or powder is applied [52]. A schematics of how the DED systems technologies work is
shown in Fig.6 [56].
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Figure 6. Illustration of two DED systems: (A) laser combined with powder feedstock, and (B) electron beam and wire
feedstock. Taken from [57]

The basic system [58] works similarly to EMB and SLS. The melting of metal powder is a
different process. In this case, the computer-controlled laser will be used. This will allow for
direct metal manufacturing. The high-power laser is operated to melt powder metal and create
dense metal structures. To validate mechanical and geometric integrity parameters, the part is
constructed layer by layer using the software.

The entire system is enclosed in a transparent chamber filled with argon, so the oxygen level
is below ten parts per million. The low oxygen level means that there is no impurity pickup
during deposition. The laser beam is usually directed through the centre of the head and then
focused on a small area by one or more lenses. Each object layer is constructed by the X-Y
plane tables moving in a raster manner. The head then moves vertically up after completing
one layer. The feeding system allows for small amounts of metal powder to flow very precisely.
The metal powder is distributed and circulated around the head using gravity and inert pressur-
ised carrier gases. An inert gas is employed whenever feeding is not necessary to protect the
metal pool from oxygen. It provides better control over properties and better surface wetting to
achieve layer-to-layer adhesion (Fig.7).
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Figure 7. The schematics of the DMD process. Taken from[51]
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Materials:

i.  Inconel 625
Ii.  Stainless Steel applications
iii.  Ti-6Al-4V
iv.  Production of simple usable parts
v.  Moulds
vi.  Dies: Aluminium, Tool Steel
Advantages:

This method can create a part with excellent mechanical properties and a fully dense
part at a very fast speed.

The DMD process reduces the time to market, speed and cost of high-value compo-
nents.

Disadvantages:

Surface finish, dimensional accuracy and microstructure control are all areas that need
to be improved.

Traditional DMD and RP processes utilise three-axis table technology. Support struc-
tures are often required for building overhanging parts.

Aspects influencing metal 3D printing performance.

Raw material's quality
Environmental Controlled Machine Lab
Ample Power Supply

Some defects may appear if these factors are not controlled.

2.2.3.1 Surface finish

Surface finish (Fig.8(a)) is the most crucial factor in any manufactured part. This usually requires
machining after printing. Poor surface finish will result in a part that is less resistant to fatigue and will
not meet the design specifications. The part must be post-processed to meet the design specifications.
This increases the part economy's cost. The layer manufacturing part can look like steps on the part's
surface, which results in poor surface quality. Finer powder particles are recommended to prevent this

21



kind of defect. A thicker layer can be printed with more delicate powder.

(a) (b)

Process 2
Induced
Porosity

Induced
Porosity
4

s

Figure 8. (a) Two Ti-6Al-4V brackets created of titanium alloy. (Image courtesy NASA). (b) Light-optical microscopy
illustrates the comparison of the generated procedures. Taken from [59].

2.2.3.2 Porosity

Small cavities, known as porosity, are created when a part [60] is printed in 3D. This can occur
due to the powder used or the 3D printing process. These microscopic pores cause a decrease
in density, which can lead to fatigue and cracks. Powders that are too loosely packed or with a
larger particle size than the thickness of the layer can increase porosity.

2.2.3.3 Density

Porosity is directly related to density. As illustrated in Fig.8 (b), the part's porosity [61] is
inversely related to its density. The less dense a part, the more likely it will crack or fatigue
under pressure. Critical applications require a density greater than 99 per cent.

2.2.3.4 Residual stress

The metal 3D printing process causes residual stress through contraction, expansion, cooling, heating,
and cooling. If residual stress exceeds the substrate's tensile strength or printing material, then defects
such as warpage or cracking can occur (Fig.9(a)).

(b)

Figure 9. (a) Due to residual stress build-up, a titanium part is removed from the powder bed's build platé. (b) Cracks
during the powder-bed process. Taken from [59].

2.2.3.5 Cracking

When melted metal solidifies cracking can occur, or when further heating is used to cause the
pores to spring (Fig.9(b)). Stress can occur when the energy source used during solidification
is too strong. Cracks between layers can also be caused by delamination. This can happen if
the powder isn't melted enough.
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2.2.3.6 Warpage

When the substrate's strength decreases, the temperature stress on the substrate causes a warp. The part
will eventually warp and collide with each other when the powder is re-coated. The ideal number
support structure should be located in a location where the warpage can be stopped (Fig.10).
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Figure 10. Warpage (Image courtesy of the Centre for Additive Manufacturing and Logistics at North Carolina State
University).Taken from [59].

2.2.3.7 Strength in Z-direction

Because of the continuous deposition of metal in X-axes, Y-axes, and Z-axes directions, the next layer
is deposited after the first layer has been completed. Therefore, the vertically upward bond is weak.
These layers have anisotropic bonds. These 3D printed parts have anisotropic properties, which means
they can be measured in different directions (Fig.11).

'\

Figure 11. Z-strength can be measured by the strength and stability of the internal bond between layers of a 3D printer part.
Taken from [59].

3D metal printer users such as industrial and commercial ones should understand the concerns about
the overall part strength impact. They should also consider the end-use and function of their 3D metal
printers. Every material should be rated in Z-direction. This section provided detailed information on
the various methods for metal 3D printing as well as factors that affect strength in the Z direction, which
is always an issue in metal 3D printers.

2.3 Optimisation Methods

Optimisation methods seek to improve the design of an object by adjusting the values of the design
variables to achieve or even get as close as possible to the desired goal. These goals are usually related
to the performance of the structure or the object's weight in general. Along with adjusting the values of
the design variables, the restrictions are also checked as no one should be violated for this method to
lead to a safe and achievable result [62].

In industry, a common way to improve their design construction, in general, is the method of trial and
error guided by the experience of the engineer. Today, a significant boost in optimisations has been
given by implementing systematic optimisation methods related to the FEA.

In an optimisation problem, the following elements must be defined: (i) design Space, usually defined
as an area divided into finite elements, (ii) design variables, usually the density of finite elements located
in the design space, (iii) objective function, e.g. mass minimisation, (iv) optimisation constraints, e.g.
displacement restriction.
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A variety of compositions have been developed from optimisation problems that vary based on the type
of target and why they may differ depending on the purpose of the problem. The three main types of
design optimisation problems are listed below, which are classified in order of increasing complexity
and scope [63].

i.  Size optimisation
ii.  Shape optimisation
iii.  Topology optimisation

In size optimisation, the values of selected dimensions that best achieve the design objectives are
determined while meeting the existing constraints. For typical structure optimisation applications, the
objectives could include minimising the maximum stress, strain energy, deflection or volume, or weight
of an object. One or more of these quantities may also be formulated as constraints. For many
mechanical parts, a small number of dimensions will be part of the optimisation problem. However, for
cellular structures, such as grids, the number of design variables could be in the tens or hundreds of
thousands [64].

Shape optimisation of an object or a given area is a generalisation of size optimisation. Typically, this
method improves the shape of the curves or surfaces that delimit the area defined by the user. Thus, the
control points of the respective curves or surfaces of the model can often be used as design variables.
The above two optimisation methods are often combined to achieve structures with either a free-form
shape or a standard one (e.g., a cylinder) with dimensions [65].

Finally, the TO determines the overall shape, layout of the elements, and connection to the design area.
The main differences between TO and shape or size optimization are due to the different initial
configurations and the choice of variables. These differences can lead to significant improvements in
the structural performance of the model. The recent interest of the scientific community in TO as a
design method for production with additive methods justifies a closer look at this technology [66].

For example, supposing that there is a design problem that requires structural optimisation, the size,
shape, and topology of a product will be optimised separately or simultaneously. These concepts are
essential to finding an optimal size, shape, and distribution during product development. As shown in
Fig.12, size optimisation deals with optimising the size of an object (length, width, or depth). Instead,
shape optimisation aims to find the optimal shape of a section or holes in the object. On the other hand,
TO deals with optimising the entire geometry of the section, including size and shape [67].
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Figure 12. Comparative illustration of size, shape, and topology optimisation. Taken from [68]
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An optimisation problem has the following general form:

min  f()=f (X1, X2, ...Xn) D
Subject to:  g;(x)<0 j=1..m (2
XiL < Xi Xui i=1...n 3)

Where f (X) is the objective function, g;(x) is the constraint function, x is the vector of the design
variables.

The constraint is considered to be violated when g> 0.

Constraint functions are the model responses that result from FEA.
2.3.1 Advantages of Optimisation

Structural optimization, in general, has enormous potential benefits in the product development process.
TO, in particular, has benefits in the design process like the creation of light structures and a ready-to-
build plan, saving a considerable amount of material and processing energy, reducing the construction
of natural prototypes and physical tests, while diminishing the market entry time [68].

2.3.2 Topology Optimisation (TO)

Reducing the mass and weight of the components in products can produce significant benefits such as
improved efficiency and reduced material costs. By figuring out how to reduce mass without
compromising structural integrity can be a real challenge. TO can help find the best lightweight shape
for the wanted parts that will still meet the performance requirements. This project demonstrates how
sim centre 3D with NX Nastran TO can be used to get the best shape for a new scapular implant design.

Optimisation methods focus on the topology of an object while determining the overall configuration
of the elements in each design area. In general, they are structural optimisation methods, which implies
the need for Finite Element Analysis (FEA) during each iteration during its implementation. A
consequence of this is that TO has high computational demands. The factors that depend on the
computational cost of this method will be examined in more detail.

TO is a mathematical approach for materials layout optimisation inside specific design space for
particular boundary conditions (e.g. loads, constraints) for optimum performance [69]. TO differs from
shape and size optimisation because the design can have any shape inside the design space [69]. For
performance evaluation, the Finite Element Method (FEM) is used. The static analysis of a structure is
possible using FEM, a broadly utilised engineering and mathematical modelling approach for solving
differential equations. Therefore, it is also referred to as FEA [70]. In TO, the most utilised methods are
mathematical programming gradient-based or non-gradient-based algorithms. Examples of those
methods are the optimality criteria algorithm, moving asymptotes and the genetic algorithms [69].

2.3.2.1 TO Methods

Size and shape optimisation problems manage parameters related to the size and shape of the
components of a structure, respectively. This means they can have a value between the limits set without
changing the number of elements that make up the structure. If the optimal shape and size of an object
are not known, TO should be utilised. The two main features of TO are that the elastic properties of
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materials can vary along the design area (as a function of their density), and secondly, the material can
be permanently removed from the design area [62].

Several TO methods can be grouped into two categories, optimality criteria methods and heuristic
methods[71], [72]. Optimisation criterion methods are indirect optimisation methods. Their
characteristic is that they meet a set of criteria related to the behaviour of the structure. They are often
based on the Kuhn-Tucker optimisation condition [73], making these methods particularly rigorous.
Their use mainly concerns problems with many design variables and few constraints.

The methods that belong to the category of criterion optimization topology are Homogenization, Solid
Isotropic Material with Penalization (SIMP)[74], [75], Level Set Method[76] and Growth Method for
Truss Structures [75].

Regarding heuristic methods, they can be based on intuition, observations of engineering processes or
even observations of biological systems. These methods do not guarantee that they will always find the
best solution. However, they do provide sustainable and practical solutions. Some of the heuristic
optimization methods are the Fully Stressed Design (FSD) [76], Computer-Aided Optimization
(CAO)[77] , Soft Kill Option (SKO), Evolutionary Structural Optimization (ESO) [78] , Bidirectional
ESO (BESO) [79], Sequential Element Rejection and Admission (SERA) , Isolines/Isosurfaces
Topology Design (ITD).

2.3.2.2 TO Categories

The solutions of TO should include results whose structures are almost fully charged or have constant
deformation energy throughout the geometry where the loading conditions have been applied. Two
approaches to topological problems have been developed. The first is based on the distribution of beams
(truss-based), while the second approach concerns the formation of the density of an initial volume
(volume-based). Below, a more detailed report is made for each one to understand their role and the
need to differentiate them [80].

The truss-based network topology approach is based on structural elements related to a grid of beams
between a set of nodes in a given set of volume. There are cases where this grid may represent a
complete graph or be based on individual elements. In problems of this kind, TO firstly identifies which
supports are necessary (struts), then determines their size (e.g., diameter) and then removes the beams
that do not meet the respective specifications [81].

2.3.2.3 TO Problem Configuration

The application of TO is preceded by the formation of the problem, which requires close attention. The
problem must be adequately defined so that its solution provides the best possible solution. Below are
the steps to follow when designing such a problem [68].

1. Determining the purpose of the problem, i.e., what should be achieved with the optimisation
and under what criteria

2. Collection of necessary data and information

3. Defining the design variables, identifying, and defining the design variables that describe the
problem. This number directly affects the computational cost of the process.

4. Determination of the optimisation criterion must be clarified, i.e., the evaluation and
termination of the optimisation process. This criterion is the objective function that must be
maximised or minimised according to the requirements of the problem

5. Determining the limitations, at this stage, the limitations of the problem are identified.
Generally, an optimisation problem is formed in the following mathematical way:
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Minimize: f(x)

Subjectto:  gi(x) <0, i=1,m
hix)=0, j=1,p
xp<x,<xt k=1n

Where f(x) is the objective function that will be minimized while satisfying the constraints g(x) and
h(x), inequality and equality, respectively, x represents a vector containing the design variables, the
number of which is denoted by n. Finally, we observe the lower and upper limits for the design
variable Xx.

2.3.3 Density Method

The method used in this project is called the Density Method [82]. In this method, the design variable
is the density of each finite element in the design space, taking values from 0 to 1. O represents the
absence of material and 1 represents the material presented in that element. Intermediate prices
correspond to fantastic material. The material's robustness is considered to be linearly dependent on the
density. This is something that applies to the materials. For example, steel has a higher density than
aluminium, but at the same time, is a more robust material. Therefore, an intermediate density value
can be considered to refer to a material with a lower density. Of course, where such cases exist, mostly
in constructions with only one material, simply the presence or not of the material makes sense. For this
reason, the density method follows techniques that punish intermediate densities for pushing into a
design with areas of only the presence or absence of material without intermediate states.

2.4 NX Nastran

The NX Nastran module is used from the Siemens NX software for the TO of the scapular implant.
This 3D design package contains, as mentioned in the previous section, various solutions. The one that
combines TO and includes lattice structures is called ‘SOL 200 Topology Optimisation’.

In this section, the process of preparing and executing a topologically optimised solution will be studied.
Stages of this process are the definition of the design area, the design objective, the introduction of
constraints and design objectives.

NX Nastran TO can be helpful for the design a new object as it can provide an optimal design proposal.
This proposal is generated by the software based on the finite element model simulation and the load
cases through NX Nastran. In NX various solvents for TO are included. In earlier versions, the Tosca
Topology Optimisation solver was adopted. In the NX 12, Siemens introduced TopOpt add-in command
while updates were added later to the original version. Nowadays, in newer NX versions, Siemens has
significantly upgraded the TO by introducing new commands and features. This way meets the
requirements of both design engineers and Computer-Aided Engineering (CAE) analysts [83].

2.4.1 Topological Optimasation Workflow
The work in a typical TO analysis, from the initial design of a model to the production of its optimal
geometry, will be present. Firstly, the static analysis of the model should be done, and then the TO will

be applied. The following is the analysis of the topologically optimised geometry, which essentially
verifies the previous analysis results. Finally, the formatted model is introduced into the software for
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further detailed design ready for the manufacturing processes [84]. Briefly, the tasks required are the
following:

A. Static analysis

i) Create or import model geometry into software
ii) Discretisation of geometry
iii) Determination of material properties, loads and limit conditions

B. Topology optimisation analysis

i) Design objective setting

ii) Define design area and frozen areas (if any)
iii) Define optimisation constraints

iv) Definition of manufacturing constraints (if any)
v) Defining the form of presentation of the results
vi) Export the optimal geometry to an STL file

C. Confirmation analysis

i) Import the STL file into the modelling software, edit the model and insert lattice structures
in the appropriate design area
i) Repetition of static analysis to draw conclusions

2.4.2 Solution creation

Firstly, the model is designed and optimised. The model can be a simple design, a more complex one,
or even an assembly of a mechanism. In addition, it may consist of solid sections, surface sections or a
combination thereof.

The corresponding simulation files (Simulation - sim file) and finite elements (finite element method -
fem file) must be created to start a simulation. The existence of two separate files is the possibility of
multiple simulations based on the same fem file. In the NX environment, select the Application tab and
then Pre / Post.

Then, the New FEM and Simulation command from the home tab is selected to create the desired files
and proceed to the model simulation.

The following two windows that will appear by selecting the New FEM and Simulation command
describe some simulation features automatically generated by the software. For renaming should be
selected File — Utilities — Customer Defaults. Then, should be chosen, Simulation — Pre / Post —
General — FE Model and Simulation Create.

In the same window, with indication 2, an idealised object can be created. This object is a PRT file
containing a copy of the base model, in which geometry can be changed without affecting the original
part [85]. So, in essence, many parts can be created that link to the original model, many FEM files that
link to each idealised part, and multiple simulations that link to one FEM file. This function is intended
to minimise the work required for performing different analyses on the same object.

When FEM and SIM files are created, the software environment is adapted to help the user. More
specifically, the tabs at the top contain commands that lead to the distinction of the model, called
meshing. Also, during the process, the software reminds the user to assign the appropriate material to
the model. Commands for material assignment also exist on the home tab, and they can be selected at
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any time point of the process. Another category of commands involves the connection of parts and
their cellular structure. Often, the geometry of an object is necessary to be divided into individual
sections for easier discernment and to apply loads or constraints to a specific part of the model and not
to an entire surface. However, the model's parts should be connected because the object must have a
single structure to study its behaviour during the simulation.

2.5 Convergent Modelling

Convergent Modelling ™ is a technology provided only by the CAD software NX (Siemens PLM,
Texas, United States), which combines data with different capabilities, like Facet and B-Rep data [28].
Depending on the application, those geometric characteristics formats vary, resulting in one being more
suitable than the other. Facet data are primarily used in gaming, animation, and digital mock-up because
they are characterised by are triangular meshes that are more likely to produce more extensive data sets.
In contrast, B-Rep data are primarily utilised in engineering 3D modelling because they can render more
realistic solid volumes while using smaller data sets. Design engineers in areas like 3D scanning, TO,
and AM usually generate many facet data that they want to use in 3D modelling systems only designed
for B-Rep Data. Thus, convergent modelling technology enables data from both sources in one
modelling environment to reduce errors, complexity, and conversion between different formats [28].

2.6 Lattice structures

In recent years several new materials have been developed with improved properties, the structure of
which consists of a set of solid beams. These are designed to meet a variety of needs, such as weight
reduction, heat transfer and thermal insulation [86], [87].Materials with a special mesh structure can be
produced easily with AM methods. In general, AM involves processes that characterized by the layer-
by-layer placement of the material and manufacturing of the object directly from the 3D model [88].
Structures designed for production through AM, referred to as Lattice structures, i.e., lattice or
otherwise cellular structures.

AM enables the production of complex geometries that used to be difficult or impossible to be
manufactured. Therefore, in parallel with the evolution of AM technologies, various strategies are also
being developed for the cost-effective manufacturing of high-quality objects. The main advantage is
that objects with specific stiffness and strength can be implemented, while at the same time, financial
management of materials is improved. These are possible when combining AM techniques and TO.
Nowadays, most CAD software packages enable the user to use TO and lattice structures. NX includes
those features and their combination to help find the best solution for each design problem.

A lattice structure is a thin, rod-shaped design. Moreover, it can be used in AM to create light sections
while retaining the characteristics of the structural ones, such as durability and integrity. When creating
or processing a topologically optimised solution, one of the available lattice structures in the software
can be selected. The optimum structure depends principally on the manufacturing requirements of the
object [87]. Examples of different shape design for lattice structures are depicted on Fig.13 with various
mechanical properties.
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Figure 13. Strut-based lattices: BCC (A), BCCZ (B), FCC (C), FCCZ (D), cubic (F), Octet-truss (G), and diamond (H). Taken
from [87]

3 Methodology

3.1 CAD Geometry

This project aims at the TO of a scapular implant and the subsequent lattice structures application. The
implant design was performed using the Siemens NX Series 1899 software. Fig.14-18 show the initial
model to which will be implemented methods as mentioned earlier. The model was downloaded from
an internet website source called ‘Cults’, with free available STL file examples [89]. This STL file
contains the anatomy of an actual scapular bone, imported from a Digital Imaging and Communications
in Medicine (DICOM) file [42] and converted to STL previously. The procedure for importing this STL
file to NX 1980 Learning Edition (Siemens PLM, Texas, United States) was: File — Import — STL,
then in the STL file’s input window, the model type was selected to be Convergent, and the unit of
measurement was millimetres (mm). The model consisted of surfaces that were connected. Some parts
of the bone-implant were intact because they will be in touch with the humerus, the key, the branchial
muscles, and other soft tissues. In parallel, the mass will be reduced in other parts of the implant using
the TO algorithm. In this project case, the STL file was used directly in the software, whereas the
methodology for anatomical accurate patient-specific implants includes utilising a DICOM file, which
consists of the upper body part bones, including both shoulders. Both shoulders are required because
the healthy shoulder is mirrored to the other side, representing the exact geometry of the bone. The
methodology of designing a personalised implant through symmetry has been widely used, mainly for
cranial implants [90].

Figure 14. Model front view Figure 15. Model back view
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Figure 16.Model top view Figure 17.Model right side view Figure 18.Model left side view

Firstly, in the convergent modelling environment, it was allowed to sketch curves, so studio splines
were created to split the model into different parts, which was helpful for the next steps. The next step
was the command ‘divide face’, so the sketched spline curve was projected to the mode, and the model
was divided into two different solid bodies, where Boolean operations could be applied in each of them.

The convergent modelling environment enabled direct working with the convergent body. Whenever
the selection was changed to solid body, different areas were noticed. Then, the model was united in
one solid body by using the command ‘unite’.

© Studio Spline O ? X

Az By Poles -
Pole Location A
-/ Specify Poles (12) RS
Parameterization A £} Divide Face O ? X
Degree - Faces To Divide A

Select Face (1 ]

Closed +/ Select Face (1) Ny -
Drawing Plane A Dividing Objects A
[0 Censtrained to Plane Tool Option Object -

Eﬁ EX I:fv ? /" Select Object (1)

,

Movement ~ Projection Direction A
® WCs O Vi (O Vects
O Plane o) N‘::nal 0 P:yﬂgl'on Projection Direction ¢ MNormal to Curve F +

;(\\ \F Z] QX I:[Y E} Preview Show Result p

-
-
< 0K > Cancel < OK> m Cancel
Figure 19. Studio spline Figure 20.Divide face

3.2 Topological Optimisation Methodology

Through the NX Nastran solver, a new study was defined to perform the TO. In the first stage, the type
of structure (lattice structure) and the operating conditions were determined. After the modification of
the model, the simulation and solution had to be created. Firstly, the material Ti—-6Al-4V was selected,
and the model was distinguished by the FEM. Later, the loads were applied to the points that the bone
receives stress, and the model's static study's boundary conditions were determined. Subsequently, the
design goal was assigned, which is the reduction of mass, because, in this way, tissues can regenerate,
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and eventually, the optimisation areas, but also those that will remain the same, called ‘frozen areas’,
were set too. At the same time, a manufacturing constraint for additive manufacturing was placed, and
in the later step, the model setup was conducted, and it was solved. Afterwards, the results were
displayed, where material distribution was visible. Then, a gradual change in the thickness and density
of the lattice structure could be tested to determine whether it is possible to apply functionally graded
materials (FGMs) which exhibit increased mechanical properties [91].

€@ Solution Step 0 ? X
Solution A
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Figure 21. SOL 200 Topology Optimisation Solver
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Figure 23. Simulation navigator with active meshing
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Figure 24. Simulation navigator with active solution
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3.2.1 Materials

Next, the properties of the material to be used were defined and after a deep literature search the
appropriate material was defined. Titanium Ti-6Al-4V (UNS designation R56400) [92] is applied in
various bone grafts and shows significant results [15], [16], [18], [19], [24], [25], [92]-[95]. More
specifically, the material, also called TC4, Ti64, or ASTM Grade 5, is an alpha-beta titanium alloy with
extraordinary strength and superior corrosion resistance. This is a very popular titanium alloy, primarily
utilised in various applications, such as the aerospace and the biomedical industry [93].

The commands required for this process are following, included in the simulation environment:

i.  Inthe Home — Properties tab, select Physical Properties
ii.  Physical Properties — Create — Physical Properties table — Properties — Material — Choose
material— Ti-6Al-4V

© Manage Materials O ? X
Material List A
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Libraries v
Materials A
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iTitanium_Ti-6Al-4V METAL  Isotropic physical iallibrary.xml

Tungsten METAL  Isotropic physicalmateriallibrary.xm|

Waspaloy METAL  Isotropic physicalmateriallibrary.xml|
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Figure 25. Manage materials section
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3.2.2 Mesh

£ 3D Tetrahedral Mesh 0?7 X
Mesh Name v
Objects to Mesh A
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TO is a finite element-based approach, and the first step is the creation
of the mesh for the entire design space where the part can live. So, the
final model can fit anywhere within this mesh. So, the discretisation
process is the next step to be done. The window for 3D tetrahedral mesh
prompts the user to select the area they want to distinguish, and to
choose the type and size of elements they want. This process will be
repeated until all the geometry of the model is discernible. The 3D
mesh, shown in Fig.26-32 consisted of 178108 elements.

Figure 26. 3D Tetrahedral Mesh Creation
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Figure 27. Mesh trimetric view
view
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Figure 28. Mesh front view Figure 29. Mesh right side

0
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Figure 30. Mesh top view Figure 31. Mesh left side view Figure 32.Mesh back view

Then the activate simulation command was selected.

3.2.3 Design Area

After, the design space was determined, and some regions were kept from the optimisation run. The
design area may refer to parts of the model which will be optimised (optimisation area) and in parts
which will remain as they are (frozen area). It is helpful to specify only the data which will be optimised
or just the frozen elements of the model so that the problem is not becoming more computationally
expensive and to achieve more quickly converge to the optimal solution. In this project, it was chosen
only to define the optimisation area as shown in Fig.33,34.

1} Design Area 0 ? X
Modeling Object A
Name 7 |
Label 4 ]
Properties
Description Design Area \ \
Area Type 70pt7imiz;tion Area B vri
Label Opt Area |
Element Selection Method | Specified Elements

Element Selection A
[ Group Reference
/ Select Elements (14280) -q;_ =
Excluded v
Card Name DVTREL1

Apply || Cancel X

Figure 33. Optimisation area’s elements assignment ~ Figure 34.Elements of optimisation area in subscapular fossa cavity
3.2.4 Design Constraint-Global

Not needed areas exist in the space where there is no muscle attachment in the actual scapula. For this
scapular implant, the aim is to minimise the total model weight, with an upper mass limit of 3.8 kg
which is the upper limit of a human masculine scapula [96] (Fig. 35).

The design constraint must then be defined for optimisation analysis. In our case, as a parameter
describing the constraint, it is the total model weight. Therefore, before each design circle the desired
weight should be determined and the upper and lower limit of the restriction. In this project case the
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lower limit is 0 kg and the upper is the 3.8 kg because the aim for the scapular implant is to weight less
than the actual bone.

€+ Design Constraint - Global

Modeling Object A

Name Design Constraint - Global1

Label 5

Properties A

Description Design Constraint-model wei || [E]
Response Definition R
Definition Method Standard v
Response Label RESP0002
Response Type Total Model Weight (WEIGH ~
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Lower o} kg v v
Upper 3.8 kg v v

Card Name DCONSTR/DRESP1

Cancel

Figure 35. Design Constraint Assignment

3.2.5 Manufacturing Constraint

Then, a manufacturing constraint was set. Since it would be an additive manufacturing part, the
maximum overhanging angle was assigned, which means the optimisation process will not create any
over hanged angles that will make it impossible for the part to be 3D printed. The general rule for 3D
printing overhanging angles is 6=45 degrees, but that can vary depending on the available technological
equipment (Fig.36). Also, the layer height was assigned as 0.8 mm, because this is the minimum wire
feedstock for the ‘Meltio M450’ metal 3D printer [97]. However, this parameter should be revised when
the actual part is manufactured, depending on the printer’s nozzle diameter and therefore the minimum
layer height, generally assign as a minimum of 0.1mm [98].

In this step, the point for the 3D printing base plate was asked, and the base plate ‘normal’ vector, as
shown in Fig. 37,38. The point for the base plate was chosen to reduce the overhanging geometry angles,
and the ‘normal’ vector, usually assigned as z vector in 3D printing machines, was selected. In this case,
this is the vector x because of the way the model was initially inserted in the software.

¥ Manufacturing Constraint

Modeling Object A
Name Manufacturing Constrain
I Label 6
1 /7 Properties A
i J 7’ Description AM constraint
& " ' Card Name DMNCON
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L 4
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. 4
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. Apply Cancel
Figure 36.Material overhang associated with building on an angle 6. Figure 37. AM constraint

Taken from [99]
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Figure 38. Point for base plate and base plate 'normal’ vector

3.2.6 Boundary conditions

For static analysis of the model, fixed constraints are added. The
Name v procedure for this command was the New Constraint— Fixed
Destination Folder v Constraint. Fixed element nodes’ Degrees of Freedom (DOFs)
Model Objects A were equal to zero, meaning that these elements were constrained
Ok ~in directions X, y, z and could not rotate in any direction
o/ Select Object (1984) & “ (Fig.39,40).

Excluded v

Card Name SPC
T oy || Gonest |

Figure 39. Fixed constraint assignment

Figure 40. Fixed elements for static study

3.2.7 Loads

This step of the simulation process is complex because for the actual application of muscular loads.
There are the following eleven muscles originated from the scapula: deltoid, supraspinatus,
infraspinatus, triceps brachii (long head), teres minor, teres major, latissimus dorsi, coracobrachialis,
biceps brachii, subscapularis and omohyoid muscles. Another six muscles insert on the scapula which
are trapezius, levator scapulae, rhomboid major, rhomboid minor, serratus anterior and pectoralis minor
muscles [100].

The simulation of the actual muscular loads could not be conducted because it was very computationally
expensive, and server resources were not available for this research. Instead, a more simplified model
of the pressure load was conducted, which approximates the scapular loading conditions found in the
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literature. The surfaces that the pressure load was applied are all the external areas of the scapula except
infraspinous and subscapular fossa, as shown in Fig.41. The data for the loads acting on the scapular
bone in the literature were few. An interesting study conducted by Quental et al. [9] in subject-specific
bone remodelling of the scapula included whole muscles and joint loads for six different scenarios of
arm elevation degrees. However, it was so complex for these data to be inserted in the NX Nastran
solver.
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Figure 41. Scapular cavities. Taken from [101]

Instead, an average approximation of those loads was used. In another review article by Hart et al. [102]
were interestingly analysed the forces that the bones undergo (bending, torsion, tension and
compression) while showing the elastic and plastic deformation. This project imported data from
average anisotropic values of ultimate strength (compression, tension, shear), elastic modulus and
Poisson’s ratio in cortical bones. As a result, the maximum values for the pressure load are the maximum
longitudinal compression in cortical bones, which equals 193 MPa [102]. Maximum values were
utilised for safety purposes.

For the application of the desired pressure load the commands are the following: Load Type — Pressure,
select object: selection of the model's elements in the area pressure is applied.

£} Pressure 0? X
2% Normal Pressure on 2D Elements or 3D Elem =
Name
Destination Folder A4

Model Objects
[] Group Reference

+/ Select Object (34806) ...
Excluded ) v
Magnitude A
Pressure MPa e
Card Name PLOAD4 ]
| 'ﬁ Apply Cancel \
Figure 42. Pressure load assignment Figure 43. Pressure loads graphical representation

NX Nastran TO allows the analysts to dig deeper than what can be done with the designer level TO
tool. For example, TO in NX Nastran can support multiple solutions based on the same model to study
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the effects of different load cases and analysis types. After defining the max number of iterations, 20
design cycles, in this case, the model was solved.

3.2.8 Solve

The purpose of applying TO with lattice structures is to develop a new, improved design with minimised
flexibility and reduced weight. The TO method initially sets in all the elements of the model density
equal to one. In the solving process, the density of the data is changed and inserted where necessary
lattice structures are defined. The final optimal model set resulting from this analysis is usually a
mixture of solids and lattice structures. The software determines the quantity and quality of lattice
structures. Data density values indicate the type of lattice structures and the lower limits of solid and
lattice areas. The file generated after TO and contained this information is a spreadsheet with the CSV
format. NX does not have the capability of importing this file to present the new design graphically.
There are other suitable software packages for this process. Then the model was solved.

4 Results and Discussion

4.1 Results

After solving the model, the results files were displayed as follows:

Solution Model Setup Check Error Summary

Solver is Simcenter Nastran

Environment: Simcenter Nastran — Structural

Solution is SOL 200 Topology Optimization

Boundary Condition Geometry Associativity Check Summary
No Boundary Condition Geometry Associativity Issues
Mesh-Based Errors Summary

Total: 0 errors and 0 warnings

Material-Based Errors Summary

Total: 0 errors and 0 warnings

Solution-Based Errors Summary

Total: 0 errors and 0 warnings

Load/BC-Based Errors Summary

Total: 0 errors and 0 warnings

Nastran Model Setup Check completed

Summary of Bulk Data cards written

| NAME | NUMBER |

| CTETRA | 178108 |

|DCONSTR |2 |
IDMNCON |1 |
|DMRLAW |1 |
| DOPTPRM |1 |
|DRESP1 |4 |
|DVTRELL |1 |
|GRID | 294698 |
|GROUP |1 |
|[LOAD |1 |
IMATL |1 |
|PARAM |7 |
| PLOAD4 | 48248 |
|PSOLID |1 |
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|SPC 1984 |
Nastran Deck Successfully Written

Following the previous analysis, all the results were mounted in the Post Processing Navigator. The
density plot was utilised to view TO results. The results of static analysis are consisted of design cycles.
The convergence design cycle is a repetition of the algorithm in which its optimal design was created
object. The solver converged the conceptual shape based on the loading conditions. All the iterations
were also visible in the animation. The way the part took shape was also evident. The density of the
material per element of the model was represented graphically through the Load case Independent
Results —Normalized Mass Density - Elemental. Design circle O concerns the original geometry of the
model, so there are all of its elements and geometry so that they have a density equal to the unit. In
Fig.44,45, the density distribution for Ti-6Al-4V material is observed throughout the subscapular fossa,
which is one of the main scapular cavities. Blue symbolizes the absence of material, while as much as
the colour is approaching red, the density increases based on the scale found on the left. Next, the shape
could be exported as a facet body to turn this concept into a usable part. For this purpose, the desired
density level was selected, 0.5 in this case, and then exported.

In addition to the distribution of the density of each design cycle, the structure of the elements can be
graphically examined. More specifically, the NX software enables the user to adjust (within the
permitted limits) the solid and lattice structures areas. First, in Fig.45, the density separation for each
structure (solid and lattice) is shown. Each change in the density of the material resulted in the change
of its shape. Colours are adjusted to green when the density is assigned to the field of solid structure
and orange when it belongs to the lattice structure.

Result Selection A

Result | Design Cycle 19

Display Settings A

Solid Area A

Lower Bound

fl [ 1.0000
.00 1.00
Color ]
Lattice Area A
Lower Bound
I 0.0000
.00 1.00
Color I
[ Smooth (Nodal Average)
Automatic Display Update
A
Non
Nastran BDF Format
Export
Verification Solution A
Create
Figure 44. Subscapular fossa scapular cavity. Taken from[103] Figure 45.Material density results navigator
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Figure 46. Normalised material density

19, lteration 1

So far, implant geometry was introduced in the NX software, and all problem parameters have been
defined. Emphasis is given to the lattice structure type but also on the design constraint concerning the
weight. Also, the model's weight could be reduced by up to 50% concerning the original.

Cycle

INITIAL

© 00 N O Ol W N B

Ll e O s o e =
~N o o wWwN Rk O

Table 1. Objective function values

Design Objective

Value
3.48E-01 -4.76E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01
3.33E-01 -4.77E-01

Resp.
Value

3.48E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01
3.33E-01

Most critical constraint

Norm. Value
Bound Bound
Type Value
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00
<= 3.80E+00

Resp.
Type
WEIGHT

WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
WEIGHT
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18 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
19 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
20 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT

Apart from the obvious, the optimized model's density and its reduction concerning the original design
can be indirectly calculated. The necessary information can be exported to a CSV file. As mentioned
above, this file contains density values of the elements indicating the type of lattice structures and the
lower boundaries of the solid and lattice areas used. This data can be processed externally. The CSV
file can be opened using a spreadsheet editor (e.g., Microsoft Excel). the data are processed first so that
each cell contains only one price. The first column shows the number of each item as it is determined
by the cellular structure process (Table 1). In the second column, the value of the optimal density that
every element has is assigned. Therefore, it is enabled to calculate the number of elements and the
summary of their densities to reduce the data to the desired results.

Table 2. Sparse Matrix Solver values

Most critical cos-

Cycle Design Objective traint
Value Norm. Resp. Bound Bound Resp.
Value Value Type Value Type
INITIAL 3.48E-01 -4.76E-01 3.48E-01 <= 3.80E+00 WEIGHT
1 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
2 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
3 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
4 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
5 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
6 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
7 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
8 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
9 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
10 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
11 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
12 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
13 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
14 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
15 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
16 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
17 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
18 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
19 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT
20 3.33E-01 -4.77E-01 3.33E-01 <= 3.80E+00 WEIGHT

This way, the density of the optimal model is calculated. Still, considering that the original model has
a density equal to the unit for each of its elements, the corresponding value of the optimal design is

quickly concluded.
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The process was continued by going back into the modelling module within Simcenter 3D and
importing the created STL file.

It was also enabled to open the design space geometry and then use Simcenter 3D geometry tools to
trace the facet body's alignment and then cut the design space part until having the desired shape.

NX Nastran TO helps CAE analysts use advanced capabilities to execute design concept studies and
determine the best shape to meet performance requirements.

1le+06

800,000

600,000

Equations Completed

400,000

200,000

0.35 4

0.348

0.346

0.344 -

0.342

Objective

s

i

®
I

0.338 4

0.336

0.334 o

0.332 -

Sparse Matrix Solver

T T T T T
5,000 10,000 15,000 20,000 25,000
Supernode

Figure 47.Sparse Matrix Solver

T T T T
5 10 15 20
Design Iteration

Figure 48. Objective Function capture

1
30,000

— Objective Function

43



Table 3. Objective function values

Design Iteration  Objective Function

1 0.348245
2 0.332979
3 0.332976
4 0.332975
5 0.332974
6 0.332974
7 0.332974
8 0.332974
9 0.332973
10 0.332973
11 0.332973
12 0.332973
13 0.332973
14 0.332972
15 0.332973
16 0.332972
17 0.332973
18 0.332972
19 0.332973
20 0.332972
21 0.332973

And then, a verification solution was created.

4.2 Validation

When the TO was completed and the obtained results were presented graphically, the optimal solution
should be checked. More specifically, it is necessary to check if the resulting optimal design satisfies
the restrictions that have been set and generally to control its behaviour under boundary conditions. The
results that can be used for this purpose are those that have not undergone any smoothing. Based on
these, a verification solution is created. In essence, the verification solution is a copy of the original
solution but contains only the data retained during the optimisation implementation.

Verification Solution — Create

Simulation Navigator — Copy of Solution 1 — Make Active

Copy of Solution 1 — Edit

In the new tab: Bulk Data — Maximum Number of Design Cycles (DESMAX), 0 value
Copy of Solution 1 — Solve

Uncheck the Model Setup Check and Solve
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scapular implant model_sim1 : Solution 1 Result

Normalized Material Density - Elemental, Scalar
Min : 0.000, Max : 1.000, Units = Unitiess

[Unitiess] '

Figure 49. Load case independent results
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Figure 50. Validation solution material density results

Figure 51. Validation solution material density results

Then the STL exported file for the material density results was imported back to convergent modelling
environment and its geometry was followed for the creation of the TO model.

Figure 52. Smoothed STL exported and opened in slicing software ‘Cura’
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4.3 FEM results

sc mplan sim1 - Solution 1 Resuit
t - Statics 1, Design Cycle 0. 0, Iteration 1
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Figure 53. Displacement results Figure 54. Stress results
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Figure 55. Rotation results Figure 56. Reaction force results
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4.4 Lattice structure

Finally, lattice structures were applied to the model. So far, implant geometry was introduced in the NX
software, and all problem parameters have been defined. Emphasis is given to the lattice structure type
but also on the design constraint concerning the weight. Finally, the lattice structure was selected as the
‘Octahedroid’ because it has a great porosity percentage of 93%, while its stiffness in x and y vector
equals to 52 and in z to 51.

Figure 58. Octahedroid lattice structure application

4.5 Discussion and Future Work

Amputation remains the most common treatment for large tumours. However, other options such as the
pelvis, clavicle and scapula salvage have become more popular. This can be attributed to advances in
surgical technique, better preoperative imaging, more effective Neoadjuvant chemotherapy and
improved preoperative imaging. In recent years, the development of customised titanium alloy
prostheses has greatly improved limb salvage surgery.

This study describes the process of designing and manufacturing patient-specific implants using CT
scan data, which usually takes a shorter time. Siemens NX software is utilised for the successful FE
study and TO. The FEA tool can be used to solve complex problems. This eliminates the limitations of
analytical and experimental approaches for stress analysis. Only simulation models were used in this
study. However, the STL files are available to create and manipulate implant designs employing either
direct or indirect methods. High-end additive manufacturing of implants can be expensive due to the
use of costly software and machines. Direct manufacturing can be more expensive than indirect because
of the low-end 3D printing technology used for prototyping. Open-source software is a great way to
reduce the cost of the final implant. A combination of free software, low-cost 3D printers, and a quick
tooling approach allows the user to produce patient-specific economical implants in a much shorter
time. The additively produced patient-specific implant also decreases surgery time and patient recovery
times while lowering the risk of implant failure in the future.

From the above results, it can be concluded that there are much more possibilities concerning the novel
design prospect of a biomedical implant. This project was focused on the TO and the macro design
perspective. However, numerous changes can occur if the micro design perspective is investigated. AM
allows the designer/engineer to approach the design aspect from multiple aspects. For instance, it would
be interesting to expand this implant's mechanical properties by manipulating the g-code needed for its
manufacturing. Supposing this is possible, different stiffness or elasticity could be achieved in various
model surfaces, and heterogeneity could be implemented using FGMs.
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Another aspect that should be considered is the material's choice. So, materials that will be more
biocompatible, like biomaterials, can be adopted, and materials that will have human cells, helping to
regenerate the actual bone tissue. Drug-eluting materials are also promising and could be employed for
in-situ 3D printing, helping the graft regenerate.
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