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Additive manufacturing (AM) is acquiring attention in the field of manufacturing.
The technique facilitates building of parts through the addition of materials using
a computerized three-dimensional solid model. However, the process does not
require any coolants, cutting tools, or other resources that are used in conventional
manufacturing. The numerous advantages over conventional manufacturing have
created interest towards the applications of additive manufacturing in the field of
engineering. The governing fundamental principles of additive manufacturing offer
a wide spectrum of advantages which includes design, geometric flexibility, near-
net-shape capabilities, and fabrication using various materials, reducing the cycle
time for manufacturing and overall savings in both energy and costs. The chapter
provides a step-by-step procedure for generation of acomponent through 3D printing
and a brief discussion on advanced AM techniques. These can produce high-quality
products at high speed and can be used as industrial manufacturing techniques.
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Three-dimensional or 3D printing technology is a growing interest in medical fields
like tissue engineering, dental, drug delivery, prosthetics, and implants. It is also
known as the additive manufacturing (AM) process because the objects are done
by extruding or depositing the material layer by layer, and the material may be like
biomaterials, plastics, living cells, or powder ceramics. Specially in the medical
field, this new technology has importance rewards in contrast with conventional
technologies, such as the capability to fabricate patient-explicit difficult components,
desire scaffolds for tissue engineering, and proper material consumption. In this
chapter, different types of additive manufacturing (AM) techniques are described
that are applied in the medical field, especially in community health and precision
medicine.
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Additive manufacturing (AM) is the most advanced recently trending manufacturing
technique thatemploys 3D printers to create 3D objects by layer upon layer fabrication
from the base to the top. The required trajectory of the fabricating tool to create
the layer can be well programmed by CAD software available in the market. The
3D CAD model in the computer can be manipulated and customized for different
design needs of the product. These manipulations in model and quick fabrication
process make the system a flexible and an effective one. This chapter discusses the
AM application in educational system by describing the individual AM processes,
their limitations, advantages, feasibility in general conditions, and planning for
future generations to get accustomed to this technology from the early education in
schools to the specialized education in universities. The technology enables students
to convert 2D objects into 3D on the CAD software and feel them physically by 3D
printing. AM also enables teachers to demonstrate their ideas easily to students.
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Additive manufacturing (AM) builds intricate parts from 3D CAD model data in
successive layers. AM offers several advantages and has become a preferred freeform
fabrication, processing, manufacturing, maintenance, and repair technique for metals,
thermoplastics, ceramics, and composites. When using laser, it bears several names,
which include laser additive manufacturing, laser additive technology, laser metal
deposition, laser engineered net shape, direct metal deposition, and laser solid
forming. These technologies use a laser beam to locally melt the powder or wire and
the substrate that fuse upon solidification. AM is mainly applied in the aerospace
and biomedical industries. Titanium (T1) alloys offer very attractive properties much
needed in these industries. This chapter explores AM applications for crack repairs in
Ti alloys. Metal cracking industrial challenges, crack detection and repair methods,
challenges, and milestones for AM repair of cracks in Ti alloys are also discussed.
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In recent decades, vascular surgery has seen the arrival of endovascular techniques
for the treatment of vascular diseases such as aortic diseases (aneurysms, dissections,
and atherosclerosis). The 3D printing process by addition of material gives an effector
of choice to the digital chain, opening the way to the manufacture of shapes and
complex geometries, impossible to achieve before with conventional methods. This
chapter focuses on the bio-design study of the thoracic aorta in adults. A bio-design
protocol was established based on medical imaging, extraction of the shape, and
finally, the 3D modeling of the aorta; secondly, a bio-printing method based on 3D
printing that could serve as regenerative medicine has been proposed. A simulation
of the bio-printing process was carried out under the software Simufact Additive
whose purpose is to predict the distortion and residual stress of the printed model.
The binder injection printing technique in a Powder Bed Printer (PBP) bed is used.
The results obtained are very acceptable compared with the results of the error
elements found.
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Heart valve prostheses are well known and can be classified in two major types
or categories: biological and mechanical. Biological valves (i.e., Homografts and
Heterografts) make use of animal tissue as the valving mechanism whereas mechanical
valves make use of balls, disks, and other mechanical valving mechanism. Mechanical
valves carry considerable risk and require lifelong medication. The design of these
valves is usually done on a “one size fits all” basis, with only the diameter changing
depending on the model being produced. The author seeks to present an application
of additive manufacturing in the design process for mechanical valves. This is
expected to provide patients with customized prostheses to match their physiology
and reduce the risk associated with the implantation.
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This chapter builds new knowledge for design engineers adopting fused deposition
modeling (FDM) technology as an end manufacturing process, rather than simply as
a prototyping process. Based on research into 2.5D printing and its use in real-world
additive manufacturing situations, a study featuring 111 test pieces across the range
of 0.4-4.0mm in thickness were analyzed in increments of 0.1mm to understand
how these attributes affect the quality and print time of the parts and isolate specific
dimensions which are optimized for the FDM process. The results revealed optimized
zones where the outer wall, inner wall/s, and/or infill are produced as continuous
extrusions significantly faster to print than thicknesses falling outside of optimized
zones. As a result, a quick reference graph and several equations are presented
based on fundamental FDM principles, allowing design engineers to implement
optimized wall dimensions in computer-aided design (CAD) rather than leaving
print optimization to technicians and manufacturers in the final process parameters.

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Chapter 8
Additive Manufacturing: Laser Metal Deposition and Effect of Preheating on
Properties of Deposited Ti-4822-4 AllOY ....c.ceecveeeciieeciieieecieecieeeiee e 165
Kamardeen Olajide Abdulrahman, University of Johannesburg, South
Africa
Esther T. Akinlabi, University of Johannesburg, South Africa
Rasheedat M. Mahamood, University of llorin, Nigeria & University of
Johannesburg, South Africa

Three-dimensional printing has evolved into an advanced laser additive manufacturing
(AM) process with capacity of directly producing parts through CAD model. AM
technology parts are fabricated through layer by layer build-up additive process.
AM technology cuts down material wastage, reduces buy-to-fly ratio, fabricates
complex parts, and repairs damaged old functional components. Titanium aluminide
alloys fall under the group of intermetallic compounds known for high temperature
applications and display of superior physical and mechanical properties, which made
them most sort after in the aeronautic, energy, and automobile industries. Laser metal
depositionis an AM process used in the repair and fabrication of solid components but
sometimes associated with thermal induced stresses which sometimes led to cracks
in deposited parts. This chapter looks at some AM processes with more emphasis
on laser metal deposition technique, effect of LMD processing parameters, and
preheating of substrate on the physical, microstructural, and mechanical properties
of components produced through AM process.
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Emin Faruk Kececi, Abdullah Gul University, Turkey

When the 3D printing process is considered, there are also other parameters, such as
nozzle size, flow rate of material, print-speed, print-bed temperature, cooling rate,
and pattern of printing. There are also dependencies that will be addressed in between
these parameters; for example, if the printing temperature is increased, it is not clear
if the viscosity of the material will increase or decrease. This chapter aims to explain
the effect of printing temperature on layer sticking while dimensional accuracy is
achieved. Theoretical modelling and experimental testing will be performed to prove
the relationship. This type of formulation can be later adapted into a slicer program,
so that the program automatically selects some of the printing parameters to achieve
desired dimensional accuracy and layer sticking.
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Fused deposition modeling (FDM) is one of the emerging rapid prototyping (RP)
processes in additive manufacturing. FDM fabricates the quality prototype directly
from the CAD data and is dependent on the various process parameters, hence
optimization is essential. In the present chapter, process parameters of FDM process
are analyzed using an integrated MCDM approach. The integrated MCDM approach
consists of modified fuzzy with ANP methods. Experimentation is performed
considering three process parameters, namely layer height, shell thickness, and
fill density, and corresponding response parameters, namely ultimate tensile
strength, dimensional accuracy, and manufacturing time are determined. Thereafter,
optimization of FDM process parameters is done using proposed method. The result
shows that exp.no-4 yields the optimal process parameters for FDM and provides
optimal parameters as layer height of 0.08 mm, shell thickness of 2.0 mm and fill
density of 100%. Also, optimal setting provides higher ultimate TS, good DA, and
lesser MT as well as improving the performance and efficiency of FDM.
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3D printing as a manufacturing method is gaining more popularity since 3D printing
machines are becoming easily accessible. Especially in a prototyping process of a
machine, they can be used, and complex parts with high quality surface finish can
be manufactured in a timely manner. However, there is a need to study the effects of
different manufacturing parameters on the materials properties of the finished parts.
Specifically, this chapter explains the effects of six different process parameters on
the impact resistance. In particular, print temperature, print speed, infill ratio, infill
pattern, layer height, and print orientation parameters were studied, and their effects
on impact resistance were measured experimentally. Moreover, the optimum values
of the process parameters for impact resistance were found. This chapter provides
an important guideline for 3D manufacturing in terms of impact resistance of the
printed parts. Furthermore, by using this methodology the effects of different 3D
printing process parameters on the other material, properties can be determined.
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Fused deposition modelling is an extrusion-based automated fabrication process
for making 3D physical objects from part digital information. The process offers
distinct advantages, but the quality of part lacks in surface finish when compared
with other liquid or powder based additive manufacturing processes. Considering
the important factors affecting the part quality, the chapter attempted to optimize the
raster angle, air gap, and raster width to minimize overall part roughness. Experiments
are designed using face-centered central composite design and analysis of variance
provides the effects of processing parameters on roughness of part. Suitability
of developed model is tested using Anderson-darling normality test. Desirability
method propose that roughness of different part faces are affected differently with
chosen parameters, and thus, hybrid approach of WPCA based TOPSIS is used
to break the correlation between part faces and reduce the overall part roughness.
Optimizing shows that lower raster angle, lower air gap, and larger raster width
minimizes overall part roughness.
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Preface

We, editors, would like to present the book Additive Manufacturing
Technologies From an Optimization Perspective under Book Series Advances
in Logistics, Operations, and Management Science (ALOMS). The present
emphasis on Industry 4.0 or I 4.0 was the major thrust for choosing the book
title. With globalization of market and advances in science and technology,
the life span of products has shortened considerably. For early realization
of products and short development period, engineers and researchers are
constantly working together for more and more efficient and effective solutions.
The most effective solution identified has been usage of computers in both
designing and manufacturing. This gave birth to the nomenclatures CAD
(Computer Aided Designing) and CAM (Computer aided Manufacturing).
This was the initiation that ensured short product development and realization
period. In this context ‘‘Additive Manufacturing / Rapid Prototyping / 3D
Printing / Layered Manufacturing” etc. etc. has become the buzz word for all
major disciplines and many scholars are working in these areas. This book
provides an insight for all researchers, academicians, post graduate or senior
undergraduate students working in this important area.

Additive Manufacturing refers to a process by which digital 3D design
data is used to build up a component in layers by depositing material.
The term “3D printing” is increasingly used as a synonym for Additive
Manufacturing. However, the latter is more accurate in that it describes
a professional production technique which is clearly distinguished from
conventional methods of material removal. Instead of milling a work-piece
from solid block, for example, Additive Manufacturing builds up components
layer by layer using materials which are available in fine powder form. A
range of different metals, plastics and composite materials are currently
being used. Additive Manufacturing is now being used increasingly in Series
Production. It gives Original Equipment Manufacturers (OEMs) in the most
varied sectors of industry, the opportunity to create a distinctive profile for
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them based on new customer benefits, cost-saving potential and the ability
to meet sustainability goals.

The strengths of Additive Manufacturing lie in those areas where
conventional manufacturing reaches its limitations. The technology is of
interest where a new approach to design and manufacturing is required
so as to come up with solutions. It enables a design-driven manufacturing
process - where design determines production and not the other way around.
What is more, Additive Manufacturing allows for highly complex structures
which can still be extremely light and stable. It provides a high degree of
design freedom, the optimization and integration of functional features, the
manufacture of small batch sizes at reasonable unit costs and a high degree
of product customization even in serial production.

The first methods for Additive Manufacturing became available in the
late 1980s and were used to produce models and prototype parts. Today,
they are used for a wide range of applications and are used to manufacture
production-quality parts in relatively small numbers if desired without the
typical unfavourable short-run economics. This economy has encouraged
online service bureaus for early product realization or physical products for
actual testing.

The chapters in the book have been provided by Researchers and
Academicians working in the field and have gained considerable success in the
field. The chapters of the book are segregated in four sections namely Section
1: Review of the State — of - Art; Section 2: Importance and Application;
Section 3: Design and Analysis; and Section 4: Optimization .

Section 1 contains Chapter 1, whereas Section 2 contains Chapter 2 to
Chapter 5, Section 3 consists of Chapter 6 to Chapter 8, and Section 4 with
Chapters 9 to Chapter 12.

Section 1 of the book starts with Chapter 1. In it, a step by step procedure
for generation of a component through 3D printing is presented and a brief
discussion on Advanced Additive Manufacturing Techniques has been
elaborated. As the technology facilitates in a building of parts through the
addition of materials layer by layer using a computerized three-dimensional
solid model and does not require any coolants, cutting tools, or other resources,
as used in conventional manufacturing, hence the state of art requires some
training and expertise.

Section 2 is dedicated to Importance and Application of Additive
Manufacturing and contains four chapters. The first chapter of the section
(i.e. chapter 2) talks about different types of Additive Manufacturing (AM)
techniques are described which are applied in medical field especially in
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community health and precision medicine. Additive Manufacturing is currently
developing an impact on medical fields like tissue engineering, dental, drug
delivery, prosthetics and implant areas as the process is capable of creating
objects using biomaterials, plastics, living cells or powder ceramics. This
technology is also gaining importance reward over conventional technologies,
such as the capability to fabricate patient-explicit difficult components, desire
scaffolds for tissue engineering, proper material consumption.

Chapter 3 explores application in educational system by describing the
individual AM processes, their limitations, advantages, feasibility in general
conditions and planning for future generation to get accustomed to this
technology from the early education in schools to the specialized education
in universities. The technology enables students to convert 2D objects into
3D on the CAD software and feel them physically by 3D printing. AM also
helps teacher to demonstrate their ideas to students with much ease.

The next chapter (i.e. Chapter 4) intrudes into the applications of Additive
Manufacturing for crack repairs in Ti alloys. AM offers several advantages
and has become a preferred freeform fabrication, processing, manufacturing,
maintenance and repair technique for metals, thermoplastics, ceramics and
composites. When using laser, it bears several names which include, Laser
Additive Manufacturing, Laser Additive Technology, Laser Metal Deposition,
Laser Engineered Net Shape, Direct Metal Deposition and Laser Solid Forming.
These technologies use a laser beam to locally melt the powder or wire and
the substrate that fuse upon solidification. Titanium (Ti) alloys offer very
attractive properties much needed in Aerospace, Medical etc. industries. The
chapter also discusses Metal cracking industrial challenges, crack detection
and repair methods, challenges and milestones for Additive Manufacturing
repair of cracks in Ti alloys.

The last chapter of the section (i.e. in Chapter 5) is a bio-design study
of the thoracic aorta in adults. In recent decades, vascular surgery has seen
the arrival of endovascular techniques for the treatment of vascular diseases
such as aortic diseases (aneurysms, dissections, and atherosclerosis). The
3D printing process by addition of material gives an effect or of choice to
the digital chain, opening the way to the manufacture of shapes and complex
geometries, impossible to achieve before with conventional methods. In this
chapter a bio-design protocol was established based on medical imaging,
extraction of the shape and finally the 3D modelling of the aorta, secondly
a bio-printing method based on 3D printing that could serve as regenerative
medicine has been proposed. A simulation of the bio-printing process was
carried out under the software Simufact additive whose purpose is to predict
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the distortion and residual stress of the printed model. The binder injection
printing technique in a Powder Bed Printer (PBP) bed was used. The results
obtained are very acceptable compared with the results of the error elements
found.

From here the book starts with Section 3 which groups Design and
Analysis part.

The first chapter of the section (i.e. Chapter 6) illustrates the design of
a heart valve Heart valve. Heart valve prostheses are well known in the
art, and can be classified in two major types or categories — biological and
mechanical. Biological valves i.e. Homografts and Heterografts make use of
animal tissue as the valving mechanism whereas mechanical valves make use
of balls, disks and other mechanical valving mechanism. Mechanical valves
carry considerable risk and require lifelong medication. The design of these
valves is usually done on a “one size fits all”” basis, with only the diameter
changing depending on the model being produced. The chapter presents an
application of additive manufacturing in the design process for mechanical
valves. This is expected to provide patients with customized prostheses so as
to match their physiology and reduce the risk associated with the implantation.

Chapter 7 provides new knowledge for design engineers adopting fused
deposition modelling (FDM) technology, an Additive Manufacturing
Technique, as an end manufacturing process, rather than simply as a prototyping
process. Based on research into 2 Y2 D printing and its use in real-world
additive manufacturing situations, the chapter does a study featuring 111 test
pieces across the range of 0.4-4.0 mm in thickness. They were analyzed in
increments of 0. lmm to understand how these attributes affect the quality and
printtime of the parts, and isolate specific dimensions which are optimized for
the FDM process. The results revealed optimized zones where the outer wall,
inner wall/s and/or infill are produced as continuous extrusions, significantly
faster to print than thicknesses falling outside of optimized zones. As a
result, a quick reference graph and several equations were presented based
on fundamental FDM principles, allowing design engineers to implement
optimized wall dimensions in computer aided design (CAD), rather than
leaving print optimization to technicians and manufacturers in the final
process parameters.

The next chapter and last chapter of the section (i.e. Chapter 8) deals
with advanced laser additive manufacturing (AM) process with capacity
of directly producing parts through CAD model. Laser metal deposition, is
an AM process used in the repair and fabrication of solid components but
sometimes associated with thermal induced stresses which usually leads to
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cracks in deposited parts. Titanium aluminide alloys fall under the group of
intermetallic compounds known for high temperature applications and display
of superior physical and mechanical properties, which made them most sort
after in the aeronautic, energy and automobile industries. This chapter looks
at some AM processes with more emphasis laser metal deposition (LMD)
technique and effect of LMD processing parameters and preheating of substrate
on the physical, microstructural and mechanical properties of components
produced through AM process.

From here the book starts with Section 4 which groups the Optimization
part.

The first chapter of the section, Chapter 9, elaborates effect of printing
temperature on layer sticking while dimensional accuracy is achieved. When
the AM process is considered, there are also other parameters, such as nozzle
size, flow rate of material, print-speed, print-bed temperature, cooling rate,
pattern of printing etc. There are also dependencies which would be addressed
in between these parameters; for example, if the printing temperature is
increased, itis notclear if the viscosity of the material will increase or decrease.
In this chapter theoretical modelling and experimental testing was performed
to prove the relationship. This type of formulation can be later adapted into a
slicer program, so that the program automatically selects some of the printing
parameters to achieve desired dimensional accuracy and layer sticking.

Chapter 10 uses an integrated MCDM approach, a recent optimization
tool, to study the various process parameters of fused deposition modelling
(FDM). FDM fabricate the quality prototype directly from the CAD data and
is depends on processing parameters, hence optimization is essential. The
integrated MCDM approach consists of modified Fuzzy with ANP methods.
Experimentation were performed considering three process parameters
namely layer height, shell thickness and fill density and corresponding
response parameters namely ultimate tensile strength, dimensional accuracy
and manufacturing time were determined. Thereafter, optimization of FDM
process parameters is done using proposed method. The result showed
promising results providing higher ultimate TS, good DA, and lesser MT as
well as improves the performance and efficiency of FDM.

Chapter 11 studies the effects of different manufacturing parameters on
the materials properties of the finished parts. The chapter, hence, explains
the effects of 6 different process parameters on the impact resistance. In
particular, print temperature, print speed, infill ratio, infill pattern, layer height
and print orientation parameters were studied and their effects on impact
resistance were measured experimentally. Moreover, the optimum values
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of the process parameters for impact resistance were found. This chapter
provides an important guideline for 3D manufacturing in terms of impact
resistance of the printed parts. Furthermore, by using this methodology the
effects of different 3D printing process parameters on the other material
properties can be determined.

Chapters 12, the last chapter of the section and the book, attempted
to optimize the raster angle, air gap and raster width to minimize overall
part roughness. Fused deposition modelling, an extrusion based additive
manufacturing process offers distinct advantages but the quality of part lacks
in surface finish when compared with other liquid or powder based additive
manufacturing processes. Considering the important factors affecting the part
quality, experiments were designed using face centered central composite
design and analysis of variance provides the effects of processing parameters
onroughness of part. Suitability of developed model is tested using Anderson-
darling normality test. Desirability method propose thatroughness of different
part faces are affected differently with chosen parameters and thus hybrid
approach of WPCA based TOPSIS is used to break the correlation between
part faces and reduce the overall part roughness. Optimizes shows that lower
raster angle, lower air gap and larger raster width minimizes overall part
roughness.
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ABSTRACT

Additive manufacturing (AM) is acquiring attention in the field of
manufacturing. The technique facilitates building of parts through the
addition of materials using a computerized three-dimensional solid model.
However, the process does not require any coolants, cutting tools, or other
resources that are used in conventional manufacturing. The numerous
advantages over conventional manufacturing have created interest towards
the applications of additive manufacturing in the field of engineering. The
governing fundamental principles of additive manufacturing offer a wide
spectrum of advantages which includes design, geometric flexibility, near-
net-shape capabilities, and fabrication using various materials, reducing the
cycle time for manufacturing and overall savings in both energy and costs.
The chapter provides a step-by-step procedure for generation of a component
through 3D printing and a brief discussion on advanced AM techniques.
These can produce high-quality products at high speed and can be used as
industrial manufacturing techniques.

DOI: 10.4018/978-1-5225-9167-2.ch001

Copyright © 2019, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Recent Advancement in Additive Manufacturing

INTRODUCTION

Manufacturing plays a vital role in the creation of wealth and progresses in
the quality of life. The intricacies of manufacturing are applied to (1) system
design and organization, (2) technological logistics, and (3) operational
planning and control. Manufacturing technology can be broadly classified into
two conventional or non-conventional processes. The conventional processes
come in existence since prior to 1950, and the non-conventional processes
have been adopted and implemented since the 1950s.

Additive manufacturing (AM), formerly known as rapid prototyping, is
a process of joining materials to build parts from 3D model data (digital),
usually layer by layer, as opposed to subtractive or conventional machining.
AM, also known universally as 3D printing, evolved in 1980s with advances
in Computer aided design (CAD). 3D printing allows a design a computerized
three - dimensional model that can be easily transformed to a finished end
product without the aid of any additional tools. This leads to the possibility
of producing parts that have complex shape and would be difficult to obtain
using conventional and nonconventional material removal processes. The
benefits of additive manufacturing can lead to novel innovations in design,
a necessary process for the manufacturing and assembly of any product.
Application of AM are predominantly in the field of engineering and biomedical
engineering. Medical devices named ZipDose®, HPAM™, printers which
include bio-printer and inkjet printer, and prosthetics like hip, knee implants
receiving interest day by day (Singh & Ramakrishna, 2017).

In the following sections a detailed discussion on classifications of AM
process, steps involved in AM, and various applications of AM are described.
In addition to that advanced AM methods like Multi Jet Fusion (MJF), Ink
based Direct Write, and Continuous Liquid Interface Production (CLIP) are
also discussed.

ADDITIVE MANUFACTURING PROCESS
AND THEIR CATEGORIES

AM processes are categorized into seven families. Each category is
characterized by the principles according to which material is added. They
include Vat Photo-polymerization, Powder Bed Fusion (PBF), Material
Extrusion, Directed Energy Deposition (DED), Binder Jetting, Material
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Jetting, and Sheet Lamination. Table 1 illustrates AM processes and their
methodologies.

VARIOUS STAGES OF THE AM PROCESS

Most common sequence of steps to produce the products for any AM process

which are

1. Creation of CAD Model

2.  Transformation of CAD Model to STL File
3. Transfer of STL file onto AM machine

4. Machine Settings

5. Printing or Building of Part

6. Post-processing of part

There are some variations in processes involved in particular steps which
depend on the technology that is being used. Figure 1 shows the work flow
of part printed using 3D printer built on FDM process.

Creation of CAD Model

For any AM process digital models are must which are generally designed
by computer aided design (CAD) software. These CAD Models are the basic
requirement for the AM Technology. Large range of CAD programs like
Solidworks, CATIA, and PTC Creo are available in market to design 3D

Table 1. AM processes and their methodologies

AM Process Process Methodology
Vat Photo-polymerization Resins (photo polymers) are cured by light of specific wave length
Powder Bed Fusion (PBF) Energy is gsed to fuse powder rpatenal which was spread as a thin
layer, precisely, using some fusing agents
Material Extrusion (ME) Molten material is precisely extruded through Nozzle

Powder or filament material is fused by applying thermal energy

Directed Energy Deposition (DED) from sources like laser or electron beam

Binder Jetting (BJ) Strata of Powder material bonded using binding material
Material Jetting (MJ) Material droplets are sprayed precisely.
Sheet Lamination Parts are built by binding Sheets
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Figure 1. Work flow of part printed using 3D printer built on FDM process
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Models. In medical field, Medical imaging data (CT scan) is first converted
into IGES files using software like Materialise- Mimics, 3-D Slicer, 3D
Doctor, etc. These IGES files are then imported into CAD software to create
3D models of Tissue and organs. In addition to the above-mentioned methods
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anew technology has evolved which is known as reverse engineering. It uses
3D scanners to directly scan a part and create a 3D model of the part. Figure
2 shows a part being designed using Solidworks CAD package.

Transformation of CAD Model to STL File

Irrespective of creation of CAD model methods all 3D CAD models must
be converted into STL file format. STL is universally considered to be
standard format for AM systems. STL is derived from stereolithography, a
commercial AM technology from 3D Systems. STL format represents a set
of triangular facets on the surface of 3D CAD model. Most of CAD software
are provided with STL file interface option. The CAD-STL interface executes
surface tessellation, a method of approximating a surface using triangles,
and converts data to either a Binary or ASCII STL file format. Software like
Materialise- MAGICS convert CAD models into STL files and also repair
STL files if there are any errors. Corrupted STL files produce inferior quality
parts with poor resolution and geometric inaccuracies. The dimension of
triangles’ facets can be set as parameter in CAD. Smaller the dimensions
of the triangle’s smoother are the surfaces and time for building the model

Figure 2. Part designed using Solidworks
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is more. So, choosing the dimensions of these triangles plays the important
role in building the model.

Transfer of STL File Onto AM Machine

STL files are imported into AM system software or a dedicated slicer program
as shown in Figure 3. The GUI of AM system software allows the user to view
the part which is going to be printed. The operator can set the position of the
part, change the orientation of build, and set build location on the platform.
Multiples of same part or multiple parts can be built using an AM machine
simultaneously. STL files can also be scaled, by maintaining the aspect ratio,
to accommodate allowances like shrinkage allowance. Once the STL file is
opened or imported into an AM system software like MakerBot Replicator,
the operator has to define printer settings. Figure 4 shows the windows of
printer settings. The operator has to set the resolution and decide whether
supports are to be used. Under advanced options the operator can set the
slicer parameters (Quality, Temperature and speed) like amount of infill,
number of shells, layer height (slice thickness), extruder temperature, build
plate temperature, speed while extruding and speed while travelling. When
slicing is done, the STL file is transformed into G-code (NC part program).
The AM system will read the G-code and build the part layer by layer.

Figure 3. STL file of a 3D part imported into system software of MakerBot
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Figure 4. Windows of MakerBot Replicator software showing slicing options
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Machine Settings

3D printing machines are assembly of complex parts. These machines should
be maintained properly to achieve better results. Parts like nozzles should be
cleaned regularly so that they are free of blockages. Leveling of build plate
should be done frequently. Proper hygiene is to be maintained while handling
AM machines which print parts related to medical field. The powder materials
used in AM should be handled carefully as some of them have a limited shelf
life. Excess build material should be inspected regularly and if the material
properties change the build material should be replaced.

Printing or Building of Part

Printing or building of 3D parts is a layer by layers process and is common
for most of the 3D printing techniques. But, method of material deposition
varies from one process to the other.

In case of Vat Photopolymerization process photopolymer resin solidifies
into a solid when it is exposed to UV light or light with certain wavelength

In case of Powder Bed Fusion (PBF) processes, powder particles (metallic
or nonmetallic) are fused together using an energy source (lasers or electron
beams). The powder is spread as thin layer as a part is being printed.

In case of Material Extrusion technologies molten material is extruded
through nozzle which follows a predetermined path to print the part layer-
by-layer.
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In AM Machines employing DED, the raw material is melted using
thermal energy (by focusing laser or electron beam) and the molten material
is precisely deposited as strata to print a part. The built material mostly used
in this process is metal in powder form. Metal parts are mostly printed using
this process. So, it commonly referred as metal deposition process.

In AM Machines employing Binder jetting, strata of Powder material are
bonded using binding material. The binding agent is precisely sprayed on
thin layer of power

Material jetting process is like 2-D ink jetting. Generally, materials like
photopolymers which solidifies when subjected by Ultra violet light or at
optimum temperatures will be employed to print parts layer by layer. Multi-
materials can be printing using this process.

Table 2 provides the summary of AM processes, technology they employ,
common manufacturers and materials they use. Supporting material should
be removed before submitting the printed part for post processing.

Post-Processing of Part

Inpostprocessing, printed parts are processed into final products and are ready
for application purposes. Post processing procedures also vary according to
printer technology and some printed parts does not require any post processing.
Generally, SLA printed parts require curing with UV before using. Some
metallic parts need sintering to relieve internal stresses. Support material are
also removed at the post-processing stage. Post-processing techniques like
polishing, tumbling, coloring, and high-pressure air cleaning are employed
on printed parts.

The supports are provided for stability while building the part using
AM Processes. In case of fused deposition modeling process the material
used for supports is same as the build material or similar to build material.
As a support material, High impact polystyrene (HIPS) is used along with
Acrylonitrile Butadiene Styrene (ABS) and Poly Vinyl Alcohol is used along
with Polylactide (PLA). HydroFill is used as support material for both ABS
and PLA. Supports are removed from the printed part by using physical means
(using pliers) or by using solvents. HIPS is dissolvable in Limonene whereas
PLA and HydroFill are dissolvable in water. The surface of the FDM parts is
rough due to the presence of strips (representing different layers of material
deposition). So, most of the FDM parts need surface finishing. First step
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Table 2. AM processes, methodology they employ, list manufacturers and raw
materials they use

List of q
AM Process Methodology Manufacturers Raw Materials
DWS systems Clear,
Stereolithography | Formlabs Greyscale,
3D Systems Color Resins
L Digital Light MoonRay Biocompatible,
Vat Photopolymerization Processing B9 Creator Color Resins
Continuous .. .
Lo EnvisionTEC Variety of
Liquid Interface .
. Carbon3D Resins
Production
Nylon, Poly
Ether Ether
Selective Laser EOS Ketone,
Sintering Stratasys Thermoplastic
polyurethane
filaments
PBE meling et | EOS CoCr, Al
& 3D Systems Ti, steels, Ni
metal laser . .
L Sinterit alloys,
sintering
Electron-Beam Arcam Ti, CoCr
Melting
Multi Jet Fusion HP Nylon
fiber reinforced
Stratasys Nylon, Ny?on,
o, . Acrylonitrile
ME Fused Deposition Ultimaker Butadiene
Modeling MakerBot
Markforged Styrene,
Polylactic Acid
filaments
Rubber,
Stratasys Acrylonitrile
— (Polyjev), Butadiene
Material jetting 3D Systems Styrene
(MultiJet)
MJ Inks
NanoParticle . .
. Xjet steel, ceramics
Jetting
Drop On Demand | Solidscape Wax
3D Systems, Gypsum,
Voxeljet PMMA
BJ Binder jetting Ceramics
ExOne steels, CoCr,
wC
Laser Engineered Optomec Ti, Al, Cu,
Net Shaping P steels
DED Electron- . .
beam additive Sciaky I Ti, ALCuNi,
. y tne 4340 steels
manufacturing
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in surface finishing is sanding. Sand papers of grit ranging from 150-2000
are used for sanding. Sanded parts are then cleaned and voids or gaps are
filled. Epoxy resin is used to fill voids or gaps on PLA FDM printed parts
whereas voids in ABS FDM parts are filled with mixture of ABS filament
and acetone. After filling the voids FDM parts are polished with Blue Rogue
before coloring. Before coloring the FDM parts are primed using aerosol
primer. Acrylic paints are commonly used for coloring.

Barrel finishing or tumbling process can be used to improve the surface
finish of FDM printed parts. Printed parts are placed in a drum along with
media like ceramic, synthetic, etc. and rotated (Boschetto & Bottini, 2015;
Cordes, 2019).

The surface finish of ABS FDM parts can be improved by Acetone vapor
bath. When the parts are exposed to Acetone vapors the outer surface of
the part will become like a smooth slurry of ABS and when the Acetone
evaporates the slurry cool down and solidifies giving better surface finish
(Lalehpour & Barari, 2016).

Laser based polishing can be used to improve the surface finish of parts
printed using SLS AM Process. Titanium and Cobalt Chrome based alloy
parts are processed, by re-melting a very thin outer surface layer, using Laser
in inert gas atmosphere (Gora et al., 2016).

APPLICATIONS OF AM IN BIOMEDICAL FIELD

AMhastremendous scope inbiomedical engineering field. The AM applications
include printing models of organs & tissues, surgical instruments & tool, and
designing splints, implants & prosthesis (Javaid & Haleem, 2018). AM is
used to produce porous scaffolds to mimic bone performance. Ti—-6Al-4V
scaffolds with pore dimensions in range of 200- 500 pm are (Alabort, Barba,
& Reed, 2019). 3-D zirconium dioxide ceramic are printed for orthopedic
applications by DW printing method (L1, L1, & Li, 2015). AM processes like
Electron beam melting (EBM), Laser powder bed fusion (LPBF) are used
to print Metal implants used for Total joint arthroplasty (Narra, Mittwede,
Wolf, & Urish, 2019). Hydroxyapatite scaffolds with multiscale porosity
with symmetric architecture are fabricated by DW (Michna, Wu, & Lewis,
2005).Porous structures based on biodegradable resin materials are printer
using stereolithography for tissue engineering application (Melchels, Feijen,
& Grijpma, 2010).

10
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AM canassist physicians and surgeons in diagnostics, planning, monitoring
and analysis. Using AM technology cardiologists and cardiac surgeons can
print and analyze 3D models of organs before performing surgical procedure
(Haleem, Javaid, & Saxena, 2018).

Powder Bed Fusion: Multi Jet Fusion

Based on powder bed fusion AM process, HP developed an advanced 3D
printing process called multi-jet fusion (MJF) (“Technical white paper, HP
Multi Jet Fusion technology: A disruptive 3D printing technology for a new
era of manufacturing *, 2017, May). MJF employs set of fusing agents,
detailing agents and energy (infrared radiation) to precisely fuse thin layers
of powder to create complicate parts. Figure 5 shows schematic of high speed
MIJF synchronous printing architecture. Dual carriages which are arranged
mutually perpendicular to each other scan across the Working area. The first
carriage coats the built area with fresh power material, and the second carriage
spray fusing & detailing agents and fuses the area of interest. The main
advantage of this process over other processes is that each process (recoating
and printing) can be optimized independently. With MJF 3D Printer users can
print a part, or multiple parts-built layer-by-layer. The process commences

Figure 5. HP Multi Jet Fusion synchronous printing architecture
(“Technical white paper, HP Multi Jet Fusion technology: A disruptive 3D printing technology for a
new era of manufacturing “, 2017, May)

 Materialrecoater

— v —

ua-muu [dH
KBisug

11

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Recent Advancement in Additive Manufacturing

by coating the built area with thin layer of fresh material powder by the first
carriage, as shown in Figure 6 (a). Figures 6 (b-e) represent scanning process
done by the fusing carriage (second carriage). At the beginning of scanning
process required amount of energy is applied to the fresh layer of powder
material to maintain optimum material temperature (6 (b)). A fusing Agent
“F” is selectively sprayed over power where particles are to be fused together
and then a Detailing Agent “D” is selectively sprayed over area where the
fusing action is be screened (Figures 6(c) and (d)). After selectively printing
fusing agent and the detailing agent, the whole layer is exposed to heat energy
so that selected areas are fused. The solidified material bonds to the layer
below it which was fused in the previous cycle. Figure 6(f) shows the fused
and unfused areas. The freshly fused layer is again recoated and the cycle
continues till the part is complete. The strength of a part along Z-axis is
more for parts printed with MJF when compared to other similar processes.

MIJF approachrectifies the problem of leakage due to porous nature of parts
printed with other AM technologies. It is capable of printing thirty million
drops per second on build area and can achieve high dimensional precision
(+0.2%) when compared with other technologies. High quality, dimensional
precision, and rate of printing are the best attributes of MJF which encourage the
manufactures to consider it for mass production (Morales-Planas, Minguella-
Canela, Lluma-Fuentes, Travieso-Rodriguez, & Garcia-Granada,2018). Parts
fabricated based on MJF are isotropic in nature, but some mechanical and
tribological properties depend on the print orientation (O’ Connor, Dickson,
& Dowling, 2018; Palma et al., 2019).

Figure 6. Working principle of Multi Jet Fusion printing process
(“Technical white paper, HP Multi Jet Fusion technology: A disruptive 3D printing technology for a
new era of manufacturing “, 2017, May)
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Figure 7. Classification of DW processes
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Direct Write Processes: Ink Based Direct Write

The term “Direct Write” (DW) is an additive manufacturing technique which
can create 2D or 3D structures directly without using tooling or masks. DW
techniques can create structures varying from macro to nano-scale using a
freeform deposition. Figure 7 shows different classifications of DW processes
based on the techniques through which the material is added (Gibson, Rosen,
& Stucker, 2010).

Among all DW processes, Ink-based DW are more flexible and less
expensive, processes. Figure 8 shows the equipment which was used to
fabricate 3D Zirconium dioxide (ZrO,) scaffolds for tissue engineering
applications (Li et al., 2015).

The Ink based DW setup consists of three blocks. The first block represents
CAD/ CAM interface which designs the part and transform it into digital
information (NC part program). The second block consists of extrusion
mechanism which eject inks at precise rates. The third block consists XYZ
translation mechanism which drives the extrusion delivery system and
the build platform. 3D ZrO, scaffolds are fabricated and are sintered at
various temperatures (1100 to 1350 C range) to achieve the desired degree
of densification (Li et al., 2015). Similar process was used to produce
Hydroxyapatite scaffold (Michnaetal.,2005). The 3D scaffolds printed using
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Figure 8. Ink based DW setup
Source: (Li et al., 2015)
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DW have better internal architecture and are suitable of tissue engineering
applications. The ink used in DW should have excellent flow properties so that
it can be flow through the extrusion mechanism, retain shape upon printing,
and should have good cohesive and adhesive properties (Gibson et al., 2010).

Vat Photopolymerization Process: Continuous
Liquid Interface Production (CLIP)

Current AM methods which include FDM, SLS, and SLA are extremely
slow processes since they employ layer-by-layer printing (He, Yang, & Pan,
2019). A part of several hundred millimeters in height will take hours to
fabricate using these methods and are not feasible for mass production. An
additive manufacturing technique to be considered as realistic for industrial
production, printing rate must increase without compromising part accuracy
or resolution. CLIP process is much faster process (print rate 500mm/hr) than
normal stereolithography process (Tumbleston et al., 2015).

CLIP is based on a vat photopolymerization AM technology where the
curing of resin is continuous without interruption. The built part is drawn
out of the resin pool at constant rate. Figure 9 illustrates the schematics of
a 3D printer that uses CLIP process. CLIP process starts with projection of
continuous sequence or video of UV images (from image processing unit)
through an oxygen-permeable, UV transparent window below a photopolymer
bath. An oxygen inhibition layer or a “dead zone (DZ)” is created between
liquid resin and already cured part. When the solid part is moved out of the
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Figure 9. Illustration of continuous printing based on CLIP process
Source: (He et al., 2019)
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resin bath continuously from the top it grows at a rate equal to the speed at
which it is drawn out. The photopolymerization is continuous which makes
this process very fast when compared to other stereolithography approaches
(Tumbleston et al., 2015).

Presence of oxygen-inhibited DZ is essential to the CLIP. Figure 10 shows
that when the system is subjected to constant photon flux the DZ thickness is
more when pure oxygen is present and vanishes in presence of nitrogen. In the
presence of air the thickness is about half (of Pure oxygen). When the amount
of photon flux increases the dead zone thickness decreases (Tumbleston et al.,
2015). CLIP uses Teflon AF 2400 window material because of its excellent
oxygen permeability, UV transparency, and chemical inertness. Continuous
part production is not possible without a suitable DZ.

CONCLUDING REMARKS

The need for fast and exact manufacturing process combined with positive
eco-friendly impact have been directed to additive manufacturing, which
being referred as “third industrial revolution.” For continues improvement
especially for complex structural applications in the field of engineering
and medical quantification studies are necessary. Such studies would allow
manufacturers not only to optimize additive manufacturing techniques and
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Figure 10. Relationship between Dead zone thickness and incident photon flux
Source: (Tumbleston et al., 2015)
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materials but also to grow effective methods for examining their products.
The present utilization of added substance to produce complex shapes, for
example, therapeutic gadgets, turbine edges, and even complex auxiliary
parts. Even though AM have limitations like the rate of creation, surface
completion, cost of generation, however with improving innovation AM can
replace the ordinary machining procedures. As of now it made a havoc in
the biomedical field. A most vital and creating pattern for added substance
producing is its utilization for individual consumer purposes.

FUTURE SCOPE AND DEVELOPMENT

With the evolution of AM Process like SLS, Direct metal laser sintering,
Selective metal sintering, Multi jet fusion, Continuous Liquid Interface
Production, electron beam melting AM is no more a Rapid prototyping method
but a method for future industrial production. AM is best suited for low or
medium volume production. It has to evolve even more to consider it for high
volume production leads to minimize the logistic and storage costs. Products
can be produced near to the customers rather than at main production units
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there by reducing distribution costs. There is no need to produce goods in
large quantities. Storage costs can be reduced by producing goods according
to demand using AM. With AM total number of parts in car assembly can be
reduced there by reducing the cost and weight of the vehicle. By optimizing
the topology and using AM the weight of the parts can be reduced without
compromising the strength. AM can reduce the wastage of material and
also the amount of energy consumed in production of parts. In future 3D
printers will be used as home appliances. Parts can be repaired or replaced
by directly printing them at home. At the time of natural disasters AM can be
used to build the infrastructure like building bridges in quick time. Potential
of AM in the field of Medical, Defense, Automobile, Aviation is immense.
Development of new AM materials can change the scope of AM.

Numerical procedures and simulations of the AM process for predictive
process structure property relationships integrated with CAD/E/M tools is
another thrusted area in AM research. It is important to have computational
approaches for analysing materials and material combinations, designing
materials and their combinations that can correlate material to processes to
structure. Understanding the AM process, and microstructure improvement
during AM process is critical to better and robust process control and getting
custom fitted microstructures. As AM process is a layer-by-layer process it
offers the chance of altering the process parameters as to make structured
microstructures in the parts. At present work is in progress to know the effect
of varying process parameters and how that can be applied in making parts
with structured microstructures in different areas of application.

17

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Recent Advancement in Additive Manufacturing

REFERENCES

Alabort, E., Barba, D., & Reed, R. C. (2019). Design of metallic bone by
additive manufacturing. Scripta Materialia, 164, 110-114. doi:10.1016/].
scriptamat.2019.01.022

Boschetto, A., & Bottini, L. (2015). Surface improvement of fused deposition
modeling parts by barrel finishing. Rapid Prototyping Journal,21(6),686—696.
doi:10.1108/RPJ-10-2013-0105

Cordes, J. (2019). Mass Finishing for FDM Parts. Retrieved from http://
articles.stratasys.com/finishing-processes/mass-finishing-for-fdm-parts

Gibson, 1., Rosen, D. W., & Stucker, B. (2010). Additive Manufacturing
Technologies. New York, NY: Springer. doi:10.1007/978-1-4419-1120-9

Gora, W. S., Tian, Y., Cabo, A. P., Ardron, M., Maier, R. R. J., Prangnell, P.,
... Hand, D. P. (2016). Enhancing Surface Finish of Additively Manufactured
Titanium and Cobalt Chrome Elements Using Laser Based Finishing. Physics
Procedia, 83,258-263. doi:10.1016/j.phpro.2016.08.021

Haleem, A., Javaid, M., & Saxena, A. (2018). Additive manufacturing
applications in cardiology: A review. The Egyptian Heart Journal, 70(4),
433-441. doi:10.1016/j.ehj.2018.09.008 PMID:30591768

He, H., Yang, Y., & Pan, Y. (2019). Machine learning for continuous liquid
interface production: Printing speed modelling. Journal of Manufacturing
Systems, 50, 236-246. doi:10.1016/j.jmsy.2019.01.004

Javaid, M., & Haleem, A. (2018). Additive manufacturing applications in
orthopaedics: A review. Journal of Clinical Orthopaedics and Trauma, 9(3),
202-206. doi:10.1016/j.jcot.2018.04.008 PMID:30202149

Lalehpour, A., & Barari, A. (2016). Post processing for Fused Deposition
Modeling Parts with Acetone Vapour Bath. IFAC, 49(31),42-48.d0i1:10.1016/j.
ifacol.2016.12.159

Li, Y.-y., Li, L., & Li, B. (2015). Direct write printing of three-dimensional
ZrO2 biological scaffolds. Materials & Design, 72, 16-20. doi:10.1016/j.
matdes.2015.02.018

Melchels, F. P. W., Feijen, J., & Grijpma, D. W. (2010). A review on
stereolithography and its applications in biomedical engineering. Biomaterials,
31(24),6121-6130.doi:10.1016/j.biomaterials.2010.04.050 PMID:20478613

18

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use


http://articles.stratasys.com/finishing-processes/mass-finishing-for-fdm-parts
http://articles.stratasys.com/finishing-processes/mass-finishing-for-fdm-parts

EBSCChost -

Recent Advancement in Additive Manufacturing

Michna, S., Wu, W., & Lewis, J. A. (2005). Concentrated hydroxyapatite inks
for direct-write assembly of 3-D periodic scaffolds. Biomaterials, 26(28),
5632-5639. doi:10.1016/j.biomaterials.2005.02.040 PMID: 15878368

Morales-Planas, S., Minguella-Canela, J., Lluma-Fuentes, J., Travieso-
Rodriguez, J., & Garcia-Granada, A.-A. (2018). Multi Jet Fusion PA12
Manufacturing Parameters for Watertightness, Strength and Tolerances.
Materials (Basel), 11(8), 1472. doi:10.3390/mal11081472 PMID:30126216

Narra, S. P., Mittwede, P. N., Wolf, S. D., & Urish, K. L. (2019). Additive
Manufacturing in Total Joint Arthroplasty. The Orthopedic Clinics of North
America, 50(1), 13-20. doi:10.1016/j.0c1.2018.08.009 PMID:30477702

O’Connor, H. J., Dickson, A. N., & Dowling, D. P. (2018). Evaluation of
the mechanical performance of polymer parts fabricated using a production

scale multi jet fusion printing process. Additive Manufacturing, 22,381-387.
doi:10.1016/j.addma.2018.05.035

Palma, T., Munther, M., Damasus, P., Salari, S., Beheshti, A., & Davami, K.
(2019). Multiscale mechanical and tribological characterizations of additively

manufactured polyamide 12 parts with different print orientations. Journal
of Manufacturing Processes, 40, 76—83. doi:10.1016/j.jmapro.2019.03.004

Singh, S., & Ramakrishna, S. (2017). Biomedical applications of additive

manufacturing: Presentand future. Current Opinion in Biomedical Engineering,
2, 105-115. doi:10.1016/j.cobme.2017.05.006

Technical white paper, HP Multi Jet Fusion technology: A disruptive 3D
printing technology for a new era of manufacturing. (2017, May). Retrieved
from https://www8.hp.com/us/en/printers/3d-printers/resource/3dtechpaper.
html

Tumbleston,J.R., Shirvanyants, D., Ermoshkin, N., Janusziewicz, R., Johnson,
A. R, Kelly, D., ... DeSimone, J. M. (2015). Continuous liquid interface
production of 3D objects. Science, 347(6228), 1349—-1352.doi:10.1126cience.
aaa2397 PMID:25780246

19

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use


https://www8.hp.com/us/en/printers/3d-printers/resource/3dtechpaper.html
https://www8.hp.com/us/en/printers/3d-printers/resource/3dtechpaper.html

Section 2

Importance and
Application



21

Chapter 2

Importance of 3D Printing
Technology in Medical Fields

Ranjit Barua
O. M. Dayal Group of Institutions, India

Sudipto Datta
IIEST Shibpur, India

Amit Roychowdhury
IIEST Shibpur, India

Pallab Datta
IIEST Shibpur, India

ABSTRACT

Three-dimensional or 3D printing technology is a growing interest in medical
fields like tissue engineering, dental, drug delivery, prosthetics, and implants.
It is also known as the additive manufacturing (AM) process because the
objects are done by extruding or depositing the material layer by layer,
and the material may be like biomaterials, plastics, living cells, or powder
ceramics. Specially in the medical field, this new technology has importance
rewards in contrast with conventional technologies, such as the capability
to fabricate patient-explicit difficult components, desire scaffolds for tissue
engineering, and proper material consumption. In this chapter, different types
of additive manufacturing (AM) techniques are described that are applied
in the medical field, especially in community health and precision medicine.
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INTRODUCTION

Three-dimensional printing is also known as an additive manufacturing
technique where the things are made by depositing or fusing the materials
layer by layer-for example ceramics, metal, plastic, powders or living
cells [Schubert et al., 2014]. This process is also referred solid free-form
technology (SFF) or rapid prototyping (RP) 6Various 3D printers are like as
a conventional inkjet printers. Though, the finish product differs in that a 3D
objectis produced. 3D printing has taken many places in medical field among
which bio-printing is use for cellular-scaffold printing and other biomedical
application i.e. regenerative medicine. Numerous 3D printing techniques are
available now a day with varying parameters i.e. printing speeds, printing
methods, extrusion pressures, and printing materials [Banks, 2013]. With
the help of Computer Aided Design software any imaginable objet can print
by this technology. Basic principles of 3D printing processes are follows: i.
Designing the CAD file through printer specific software, ii. Uploading the
printer specific software to the 3D printer, iii. Running the program and iv.
Print the final object. In this technology, the radiographic 2D images like
MRI, CT, X-rays can be converted to 3D complex objects with customized
medical structures [Sun et al., 2005].

TYPES OF 3D PRINTING TECHNOLOGY

Various methods of three-dimensional printing technology are available,
stereo-lithography (SLA) technology is one of them [Hornbeck, 1997]. In
this technique the SLA materials are generally light sensitive, solidification is
initiated by laser undergoing photon [Mertz, 2013]. On the other hand other
3D printing technologies are now offered as well as selective laser sintering
(SLS), fused deposition modelling (FDM), three-dimensional bio-printing
(3DP), digital light processing (DLP), and laminated object manufacturing
(LOM). Table 1 represents the processes and materials details which are using
different types of 3D printing technologies. Whatever the printing technology
is different but the fundamental hypothesis is that the item containing with
the limited layers, also the more consisting the information of layers and
also requires to elevate the declaration [Gross, 2014]. Different methods are
available to attach the layers, several materials can be simply melted and
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Table 1. Different types of 3D printing technology

Name

Process

Material

Reference

SLS

Selective laser sintering
process, it is similar as
SLA method, though

Ceramic, plastics, metal
materials and wax.

Tay et al., 2003

materials are solidified by
infrared laser.

Fused deposition
modeling process, this
printing technology is
the most fundamental 3D
printing technology and
most commonly used.

PLA, ABS types polymer

FDM and some foods

Anitha et al., 2001

Laminated object
manufacturing process,

in this technology the
materials are fused by hot
roller.

Metallic materials and

LOM .
ceramic

Melchels et al., 2010

Stereo-lithography
process, in this process the
light responsive materials
are solidified in to a lean
layer.

SLA Thermoplastics Mueller et al., 1999

Digital light processing
technique, it is also similar
to SLA process, though it
is more rapidly because
the total layer manufacture
after scanning the laser .

Singh, 2011;

DLP Utela et al.,2008

Photopolymer

In this technique
biomaterials are use as a
printing ink, basically this
technology is use in tissue
engineering process.

3D Bio-printing Alginate, Hydrogel. Datta et al., 2108

gelatinous or several of materials can be molded by laser and also be easily
gelatinous. An absolute set of 3D printing technique containing with the
printer specific CAD software for designing any customized moulds and
also printer machine, the major part of the 3D printing process. Printer may
be hot extrusion base or inkjet base [Science and Society, 2013; Hoy, 2013].

Thermal Inkjet Printing (TIJ)
In thermal based inkjet printing the printing occurs without any contact

between printer and the substrate top. Electromagnetic, thermal or piezoelectric
techniques are utilized for deposition of the ink droplets on the substrate top
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according to the digital control [Nakamuraetal.,2005]. Heating and mechanical
pressure are applied for deposition of the ink droplet on the substrate. In these
printers small air bubbles are created when heating is applied on the nozzle of
volume 10— 150 pico liters which results in pressure pulse creation for ejection
on the ink from the nozzle [Ricci et al., 2008]. The size of the droplets can be
changed by changing parameters like frequency of the pulse, viscosity and the
temperature gradient applied. For tissue engineering and biomedical fields
these printers are suitable [Vacanti, 2006]. Because of high digital accuracy
and adaptability these printers are used in biomedical application like tissue
engineering and regenerative medicine [Langer et al., 2013, Tschumperlin et
al.,2013]. Just because of their versatility, digital exactness, fine manage and
also the benevolent outcome on mammalian cells, this technique is currently
applying in medical applications to print uncomplicated 2D as well as 3D
organs and tissue which is also known as bio-printing technology [Fang et
al., 2012]. Thermal inkjet printers may also provide evidence of model for
other complicated uses, such as gene transfection during tissue construction
and drug delivery [Delaere et al., 2009].

Selective Laser Sintering (SLS)

Laser based Selective Sintering is such a technique where the printer uses
powder type materials as the substrate for creating to print the new substances
[Atala et al., 2006]. In this process a laser draws the shape of the substance in
the powder and also fusing it mutually. After that a fresh layer of powder is
laid down and the process repeat again and one by one structuring each layer,
to make the final object. Laser sintering also uses to make plastic, ceramic and
metallic objects. However, in this process the degree of feature is restricted
only by the exactness of the laser and the fine quality of the powder, so it is
probable to construct particularly in depth and fragile structures with this
category of printer.

Fused Deposition Modeling (FDM)

Fused deposition modeling process is such a technique where the printers are
very much regular and economical than the Laser based Selective Sintering
type printing process [Anithaetal.,2001]. In FDM process, printer is generally
uses a print head comparable to an inkjet printer. On the other hand, as an
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alternative of ink, beads of heated polymer material like PLA, ABS are exited
from the print head as it changes position, constructing the item in lean layers
[Atala et al., 2006]. This procedure is repeated many times, letting accurate
mechanism of the quantity along with the position of all deposit to make
every layer [Anitha et al., 2001]. In FDM process the heating is done on the
material by inside extruder heater and ultimate the melted material deposits
below as per desire design layer by layer.4 Though each layer of plastic
becomes cool and harden, also then step by step making the solid substance
as the layers make. Despite the fact that relying on the difficulty along with
the expenditure of FDM printer, machine may have improved features like as
an example of multiple print heads. FDM printers can also use as a variety
of polymers [Stanton et al., 2002]. Though, 3D Fused Deposition Modelling
printed objects are frequently create from the similar thermoplastics which
are practiced in machining, that’s why the printed products have similar
mechanical properties and durability, stability.

3D Bio-Printing

3D printing technology is one of the most cutting edge technique which is
used in medical application specially in biomedical field, where it is known
as bio-printing and it have a huge prospective for opportunity in upcoming
regenerative treatment. A basic principle bio-printing technique is shown in
Figure 1. First of all, exact data of tissues and organs is collected for making
the exact replica. After designing the model, with the help of server, it convey
the order into electrical signal for controlling the printer and then printing
the objects, however the printer must be ability to sustain the cell viability
during the time of printing procedure (Figure 111 and ii1). Typically, a tissue
is combination of several types of cells and also the cells are assorted with
various substances for better printing (Figure liii) [Sekine et al., 2013;
Sirringhaus et al., 2000]. Now a day, a number of hard tissues are fabricated
with bionic materials by bio-printer, also use in medical trials. An existent
complex tissue is not able to build from 3D bio-printer at the moment.
Upcoming days, 3D bio-printer also be able to print vital organs for repairing
and reconstructing the injured body part, also to replicate some useful drug
screening, tissues for therapy and biomedical research. In addition, 3D bio-
printing can be used for modified treatment which will help to reduce the
cost of treatment. Biodegradable and biocompatible materials are combined
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with 3D bio-printing to decrease the incompatibilities caused by materials
[Datta et al., 2108]. For that reason, 3D bio-printing will lead to a cutting
edge technology of medical application.

3D PRINTING IN MEDICAL APPLICATIONS

3D printing or additive manufacturing technology has been introduced in
medical field since the beginning21* century, earlier the technology was
mainly used for implants for dentals and custom prosthetics [Weng et al.,
2012]. At that time, the medical applications for 3D printing process have
evolved significantly. Many researchers have described the uses of 3D
printing to fabricate organs, ears, bones, windpipes, exoskeletons, stem cells,
eyeglasses, a jaw bone, blood vessels, cell cultures, vascular networks, and
tissues, in accumulation to new dosage forms and delivery of drugs devices.
Modern medical applications of 3D printing can be prepared into a number
of extensive categories, like making prosthetics, dental implants, tissue and
organ fabrication, anatomical models, drug pharmaceutical research with
reference to dosage forms, drug discovery and delivery [Banks,2013]. Medical
applications of 3D printing are as follows.

Modified Implants and Prostheses
CT scan, MRI, X rays are used for creation of any geometry dental implants
into 3D printing technique .stl files [Schubert et al., 2014, Banks, 2013]. Like

this fashion, 3D printing technology is utilized effectively in medical health
care area to build together usual along with intricate modified prosthetic

Figure 1. A basic bio-printing process
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limbs and hip implants, surgical implants [Sun et al., 2005]. This method
has been used to fabricate spinal and oral implant area like dental [Banks,
2013]. Up to that time, formerly for clinical use of implants the validation
of the implants is necessary which is time consuming [Sun et al., 2005]. The
capability to rapidly fabricate modified prostheses and the implants solves
a comprehensible and determined difficulty in orthopedics, where typical
implants are usually not satisfactory for few patients, mainly in multifaceted
cases [Banks, 2013]. Formerly, surgeons had to execute bone graft surgeries
or use scalpels and also drill to adjust implants by shaving pieces of metal
and plastic to a preferred size, shape and fit [Schubert et al., 2014, Mertz et
al., 2013]. This is similarly factual in neural surgery like skulls asymmetrical
shapes, which is tough to normalize an implant of cranial. While in case of
injury in head victims, where the head bone is to detached and give the brain
a little place to swell, the accuracy of the plate of the cranial should be high
which is later fixed [Mertz et al., 2013]. Even though few plates milling are
done and are produced many by 3D printing which allows the modification
of the design easily.

Cell Printing

In human body there have more than 200 type cells, and these cells create
different types and complex tissues and also organs. For complicated structure,
itisreally difficult to makes replicate this functional organs and tissues in vitro
system. Cell printing technique can work out this difficulty. In this process, the
ink droplets are depositing on live cells to fabricate the tissues as preferred. In
spite of upcoming potential for an organ transplantation, at the present time
there have not any other biologically lively organ fabricated by bio-printing
process. One more thing is most essential in this fabrication process, every
organ and tissue of the human body is very complicated in structure, also the
mixing of different type cells involve neither in vitro tests of functionality and
viability or in vivo tests of communications with other organ and tissues. On
the other hand, this technology has been extensively used in the manufacturing
industry especially in biomedical area. It can be used in medical application
like bio-therapy field with vessel-free and hard structures. It has printed small
blood vessels and beating cardiac valves, representative that cell-printing is
possible [Matsumoto et al., 2014]. Later they established a company named
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Organovo, committed to bio-printer enlargement and marketing. In cell
printing, fibroblasts cell have been effectively printed by improving bio-
printers [Page et al., 2013]. Cells are collected from endothelial cells and
mature stem cells, after printing process, a number of cell-cell interactions
are observed. It covers the way for upcoming 3D organ-printing [Mironov
et al., 2009]. While cells are encapsulate into the materials, also used as an
ink, it is called as 3D bio-printing process. Here have one disadvantage of
cell encapsulated in materials, which is reduce the cell viability. Primarily
hydrogel is the primary aspirant for cell printing. For maintaining the cell
viability and cell-cell interactions, sometime hydrogel materials can be
mixed into the ink. Advantage of hydrogel is, it can also work as scaffoldings
and subtract [Odde wt al., 1999]. It have particular physical and chemical
properties, also it can be degraded invivo a little bit after grafting. 3D bio-
printing process, the initial materials used as scaffoldings were electrospun
fibers, it is necessary for substituting blood vessels [Choi et al., 2011]. At
this time ployanhydride, collagen and fibronectin have been extensively used.
It is still a cutting edge technology nowadays [Chien et al., 2013; Wilson
et al., 2003]. There are some hydrogels which are used productively in 2D
fabrication via 3D printing technology, also the functions of the fabricated
products could also be detected: agarose, culture medium [Barron etal., 2004],
collagen [Parzel et al., 2009], alginate [Ahmed, 2015], matrigel [Schuurman
et al., 2013; Aguado et al., 2011], fibrin [Ratcliffe et al., 1984], polyvinyl
alcohol (PVA) [Chung et al., 2013] and k-70 series [ Van Den et al., 2000]. In
this process, after extruded from the printer nozzle tips, hydrogels would be
polymerized by cross-linker [Zhang et al., 2014]. It is a really big challenge
for protecting cells, also it is necessary to maintain their solution during
hydrogel’s stabilization. Consequently, a lot of new altered-hydrogels and
techniques are being discovered [Detsch etal.. 2013; Bartolo et al., 2009]. For
containing maximum amount of water in the printed structures hydrogels are
mainly used. The biological and mechanical properties of hydrogel require to
be customized for printing and cell survival. Cell death occurs post printing
during crosslinking of range 2- 45% because of environmental exposures
[Mironov et al., 2007; Hassan et al., 2013]. There have some chemical and
physical ways to crosslink hydrogels. For example, water soluble gelatin is
a protein which has also good biocompatibility [Murphy et al., 2014]. With
methacrylamide group adapted, the gelatin (geIMA) can be cross-linked by
using ultraviolet rays [Seitz et al., 2005]. The adding together of hyaluronic
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acid (HA) progresses geIMA printable properties [Pati et al., 2014]. Cross-
linking chemical calcium which helps to crosslink alginate and also the
alginate-gelatin blends have been investigated as most likely materials for
extrusion printing living cells [Duan et al., 2013]. A particular bio-printing
has elevated resolution and can be used for material-cell blends precise
control and cell patterning.

Organs/Tissues Bio-Printing

The damage of the tissues and the organs occurs due to many factors like
accident, defect during birth, age and many diseases. The primary option for
these is organ transplantation from other living dead donors. The availability
of organs from the donors is not always possible because of non-availability
of donors all the time. One more thing is that, in case of medical treatment,
organ transplant surgery and follow-up is also very costly, estimate price
more than $300 billion in the year 2012.10 An added difficulty is that organ
transplantation involves the a lot of complex job of judgment a donor who
should be tissue-equal with the recipient. This problem can only be minimized
by using cells/tissues of the same patient taken to develop the required
replacement organ [Schubert et al., 2014; Mertz et al., 2013]. The tissue
rejection risk will also be minimized and the lifelong immune suppressants
should no longer be needed. The extra benefit of the 3D printing technology
is giving scaffold support which is not possible is regenerative medicine
method, for an example fast digital speed control, and highly precise cell
placement, concentration of cells, drop-volume, resolution and printed cells
diameter. By 3D printing we can develop biomaterials, cell-laden biomaterials
separately or in or direct tissue like structures [Datta et al., 2018]. Wide range
of materials are now available for scaffold creation, porosity of the material,
tissue strength and types and hydrogels for soft tissues development.

Anatomical Models Making for Surgical Preparation

The personage complexities and alternations of the human anatomical body
construct the 3D-printed developed models use is perfect for surgery planning.
It becomes easier for the physicians to have a real model of the patient and
understanding of the anatomy of the patient becomes easier than 2D images
like the CT scan, MRI and X-rays. The cost and accessibility is also reduced
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for cadavers in case of 3D printed developed models.3High level of pathology
is also required for cadavers so the lesson of human anatomy can also be
demonstrated more easily than surgical patients [Sun etal.,2005]. The surgical
trainings which are out of reach for physicians are solved by the 3D printed
models designed. Polypeptide chains models by 3D printing are commonly
used currently because of their huge number of degree of freedom and insertion
of bond rotational barriers it can crinkle inside secondary structures. Same
as the models could be exploited to assist the considerate of other varieties
of biochemical or biological structures. Students can better understand the
molecular anatomical structures when 3D printed structures are involved as
from the pre and the post conception studies. The biochemical and structural
maintenance of the cells for growth and development of the cells are provided
by the Extracellular matrix (ECM), italso contains various proteins and glucans.
The modification of ECM would influence cell function and state. With more
resolution, 3D printing help to use print scaffolds which resemblances in
vivo constructions, and also the environment of the tissues, and the cellular
viability from the scaffolds are used to understand the cell growth in the printed
scaffolds, drug delivery and tissue engineering. Model development is the
initial 3D printing application, with material modification and optimization
of the technique, a number of hard bio-active tissues have been printed. In the
year of 2012, the first medical experiment of the 3D bio-printing was done at
in Netherlands. A bionic jaw printed by 3D printing technique was operated
to a dental patient. Since then, more demos have been done in Japan, US and
other countries worldwide. The joined materials can exclusively synchronize
with vocal part without affecting the vocality and the hearing of the patients.
To straight printing the living tissues and also printed scaffolds were used for
cell culture and tissue engineering. Cells attained advanced viability [Datta et
al., 2018] and function well cells were cultured on the scaffolds 3D printed
with compared to the 2D environment. For various types of cell cultures on
scaffolds, Ploy caprolactone (PCL) have been used. Though, this is just the
mixture of scaffolds and cells combination at 2D level, and which is called
indirect 3D bio-printing. In fact, the communication between materials and
cells in the indirect 3D printing method is still 2D because only one face of
the cell bound is scaffolds.
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MODIFIED 3D-PRINTED DOSAGE FORMS
AND DRUG DELIVERY INSTRUMENTS

The process of 3D printing is also used in drug fabrication and drug delivery
pharmaceutical research because of transformative assurance. Pros of 3D
printing technology process include accurate droplet dimension control and
drug dosage, maximum reproducibility, and also the capability to fabricate
dosage forms with intricate drug-releasing profiles.

Exclusive Dosage Forms

Mostly for pharmaceutical manufacturing process inkjet printers and inkjet
powder based 3D printers are used. Whatever the material is used powder or
additional material the substrate is used to categorize the 3D inkjet printing
process. In case of inkjet type drug fabrication process, inkjet printers are
used to spray formulations of medications and binders in small droplet sat
exact motions, sizes and speeds onto a substrate. The substrate normally
used are of cellulose, micro-porous, bio-ceramics, paper uncoated or coated,
scaffolds of glass, potato starch films, potato starch films, potato starch films,
and metal alloys. Researchers have improved the technology by forming
nano-particles and micro-particles of liquid film by spraying identical “ink”
droplets onto a liquid film. Matrices of such types can be used for delivery
of small amount of hydrophobic molecules along with the growth factor. For
powder-based 3D printing drug fabrication process, here the printer sprays
the ink onto the base of the powder. When the ink comes in contact with the
powder the powder becomes hard and solid dosed of layer by layer is formed.
Active compositions like binders additions and immobile compositions can
be present in the ink. When the solid dosage is formed it is removed from
the loose powder substrate present nearby.

Personalized Drug Dosing
3D printing technology allows drug modification easily, as the development
of the drugs requires enlarge efficacy and limits the risk of many unwanted

reactions [Banksetal.,2013; Sunetal.,2003]. Because of many advantages of
oral tablets like easily manufactured, dosing accuracy, no pain and better patient
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observations. The process of drugs manufacturing for modified drugs process
is still not obtained for this reason 3D printing technology is commonly used
for better built in diversity of active ingredients like theophylline, ofloxacin,
steroidal anti-inflammatory drugs, paclitaxel, acetaminophen, dexamethasone,
caffeine, folic acid, vancomycin, tetracycline, and others.3D drug printing
have built-in a diversity of active ingredients, like as: theophylline, ofloxacin,
steroidal anti-inflammatory drugs, paclitaxel, acetaminophen, dexamethasone,
caffeine, folic acid, vancomycin, tetracycline and others. Another way, inactive
components used in 3D drug printing have consisted: surfactants (such as
Tween 20), poly (lacticco-glycolic acid), glycerin, ethanol-dimethyl sulfoxide,
cellulose, methanol, propylene glycol, Kollidon SR, and acetone.

Difficult Drug-Release System

The formation of medications with versatile drug-release system is one of the
most researchable uses of 3D printing technique. Conventional condensed
dosage forms are often prepared from a uniform mixture of active, as well
as inactive ingredients, and are therefore often restricted to a simple drug-
release system. On the other hand, 3D printers help to print binder onto a
matrix powder bed in layers normally 200 micrometers thick, creating a fence
involving with the active ingredients to facilitate controlled drug release.
3D-printed dosage forms can also be fabricated in compound geometries that
are basically porous and burdened with multiple drugs all through, enclosed
by barrier layers that modulated is charge. Another area implantable drug
delivery device with new drug-release systems can also be produced using
3D printing. Disparate conventional general treatments that can influence
non afflicted tissue, these devices can be implanted to make available direct
treatment to the area implicated. Bone infections are one case where direct
treatment with a drug implant is more advantageous than general treatment.
Luckily, powder-based 3D-printedbone scaffolding can be formed in high-
resolution models with compound geometries that mimic the natural bone
extracellular matrix. The printing of medications with customized drug release
profiles into such bone implant scaffolds are considered. For an example of the
printing of a multilayered bone implant with a disparate drug-release system
alternating between isoniazid and rifampic in a pulse discharge mechanism.
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FUTURE ASPECTS OF 3D BIO-PRINTING

It requires a huge time and desires a delivery of cells during an organ-printing
process. In such an extended episode of time, to make sure the precision
of printing and as well as the cell viability, which have become a critical
questions. Preventing the exposure of radiations from laser it is necessary
that the nozzle jet can be attached with aluminium alloy. Right now, complex
scaffoldings of tissue can be printed by using hydrogels by laser-mediated
printer and also 3D inkjet bio-printer. Until now the method of fusion, high
pressure and temperature also requires, but some solvents which could lead
to the loss of cells. Printed tissue becomes the combination of hydrogels with
cells possesses; the mechanical properties are related to natural constructs
but with limited function and cell extension abilities. This is one of the vital
boundaries which bio-printing is facing at the time. While so many reports
confirmed that cells may be fabricated, though there have not still any report
regarding the function of cells printing. Right now, it is necessary to maintain
cells living in materials [Datta et al., 2018]. Cell states are reliant on the
different substrates, there have many materials are developed for mimicking
the ECM, local tissue consequent the bio-ink, which is projected to simulated
the in vivo environment. As aresult, to improve the materials for modification
of cell is one of upcoming challenge work. One more question of 3D bio-
printing is to fabricate the organs containing blood vessels. Every organ have
desires network of capillaries and vessels to supply cytokines, oxygen and
nutrients, in addition to eliminate the wastes which are harmful to cells. It is
reported that heart muscles containing blood vessel structure was achieved
from endothelial cells during tissue culture. To fabricate the functional 3D
tissues with blood vessels is really a huge challenge faced by 3D bio-printing
[Datta et al., 2018]. The main problem is faced by 3D bio-printing is sources
of cell, as cells are the fundamental units of an organ. In this technique, stem
cells may turn into the main source for bio-printing. The advantage of stem
cells is, it have high short cell cycle time and viability, it can distinguish into
new cell types in defined environment. This may decrease the number of cells
mandatory in bio-printing also to save printing time, and make environment
for printed organs to active. At the present time, preliminary trials have been
done in 3Dbio-printing with stem cells where embryonic stem cells were
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used in 3D printing to form embryoid bodies (EBs). Human umbilical vein
endothelial cells (WUVECs) and human mesenchymal stem cells (hMSCs)
were operated to print fabricated patches to restore cardiac muscles. On the
other hand, we have to go further for choosing the accurate stem cells for
bio-printing the desire organs. Preferably 3D bio-printing interacts in situ
printing of cells at the place of injury. This requires rapid printing, rapid
model structure and enough cell sources. Achievement of such demands may
lead to a revolution in regenerative medicine. For an example, aim mediate
repair of the skin wound with 3D bio-printing would raise the recovery rate
and decrease stable scarring. For optimizing the 3D bio-printing process
of tissues and organs, it is requires to development of characterization and
estimate the roles of the printed organs. Significant studies will comprise
cell tracing tests, practical marker recognition, cell viability and also animal
model experiments. To complete 3D bio-printing of huge tissues structural
scaffolds are to be used. Bio compatible material for example decomposable
poly caprolactone (PCL) is used. Concerning of safety assessment systems
for trying bio-printed object is one more problem to be measured. Suitable
dictatorial backgrounds are now to be advanced. Whatever, bio-printing is a
innovative and intricate technology, the method involves cell expansion, cell
preparation, materials, safety, graft, observation after grafting, and efficiency
valuation.

CONCLUSION

3D printing has become a constructive and potentially transformative tool in
anumber of dissimilar fields, including medical application. Because printer
resolution, performance and accessible materials have rapidly growing up
different applications. Investigators are trying hard to find out new methods
and applications of 3D printing technologies in medical fields.3D printing
in medical applications are more accurate, significant and exciting but still
there need further improvement and innovative research for the 3D printing
technology for high level medical applications like organ printing and tissue
printing.
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ABSTRACT

Additive manufacturing (AM) is the most advanced recently trending
manufacturing technique that employs 3D printers to create 3D objects by
layer upon layer fabrication from the base to the top. The required trajectory
of the fabricating tool to create the layer can be well programmed by CAD
software available in the market. The 3D CAD model in the computer can
be manipulated and customized for different design needs of the product.
These manipulations in model and quick fabrication process make the system
a flexible and an effective one. This chapter discusses the AM application
in educational system by describing the individual AM processes, their
limitations, advantages, feasibility in general conditions, and planning for
future generations to get accustomed to this technology fromthe early education
in schools to the specialized education in universities. The technology enables
students to convert 2D objects into 3D on the CAD software and feel them
physically by 3D printing. AM also enables teachers to demonstrate their
ideas easily to students.
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INTRODUCTION

The traditional methods of manufacturing required separate processes of
casting, machining, joining, which consumed a lot of energy, labour power
and time. Moreover, a lot of material is wasted in shaping the workpiece into
its desired shape [ASTM, 2010; Kruth et al., 1998; Levy et al., 2003]. There
is no flexibility in design change and dimensional errors are common. The
arrangements of the equipment for the above-mentioned processes cannot
be relocated (due to bulk equipment) to a new facility with ease and lots of
hazards can be associated with the relocation such as noise hazards [Jaymes,
2012;Niosh, 2011]. Precautionary guidelines must be tight and safety clothing
must be worn by every working personnel.

Additive manufacturing (AM) is the process of replicating a given CAD
3D model into a physical model by sequentially generating layers one above
the other [ASTM, 2010] based on the cross-sectional area of the slice that has
been cut across the 3D CAD model. It can be considered the “3™ industrial
revolution” and recently gained tremendous popularity [Lolur & Dawes,
2014]. AM can eliminate all the above mentioned drawbacks of traditional
manufacturing by shifting the manufacturing technique to an additive one
[Huang et al., 2012] rather than the subtractive one as used in the traditional
approach. This facilitates AM manufacturing process to fabricate solid objects
having complex and sharp features [Levy et al., 2003; Kruth et al., 1998;
ASTM, 2010] at minimum utilization of raw material [Huang et al., 2012].
It also implies that the material quantity to be used for a given 3D CAD
solid model to be physically built, can be decided right in their designing
phase and the same amount of material can be pre-ordered for production.
The flexibility in design change during production adds up to feature for
customized production [Huang et al., 2012]. In spite of all these advantages,
AM processes lags behind in the strength of their components, fatigue resistance
and material limitations. ABS and PLA are the major materials used for 3DP
and since ABS extrusion emits an unpleasant odour resulting in requirement
of proper ventilation and isolated space, 3DP integrated libraries (as will be
explained in the below sections) adopt PLA which emit a pleasant sweet
fragrance [Bharti et al., 2015].

Also known as the rapid prototyping [Kruth et al., 1998] and rapid
manufacturing [Levy et al., 2003], the AM technology, integration with the
educational system has been studied across various domains like architecture
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[Celani, 2012; Paio et al.; 2012, Oxman, 2010], computing [Eisenberg, 2013;
Ishengoma & Mtaho, 2014], engineering [Stier & Brown, 2000; Chong et al.,
2018], library studies [Niaki & Nonino, 2017; Wei et al., 2017; Huang et al.,
2013; Seuring & Muller, 2008], science [Horowitz & Schultz, 2014; Cook et
al.,2015; Loy, 2014;McGahernetal.,2015; McMenaminetal.,2014; Horejsi,
2014], medicine [Oxman, 2010; Ishengoma & Mtaho, 2014] and technology
[Schelly et al., 2015; Buehler et al, 2016; Buehler et al., 2014]. The need
for this integration can be realised with the growing difference in adoption
rate of AM technology and human skills to the industrial advancement and
there is a chance that humans may lag behind on this technology and skills
associated with it [Simpson et al., 2017; Despeisse et al., 2017; U.A.M.S.
Group, 2016; Snyder et al., 2014; A.M., 2017].

With further improvement in the technology, the AM devices has become
more compact, cost effective [Hoy & Brigham, 2013], safety oriented and
ease in synchronization and transfer of .stl files from the Computer aided
design (CAD) software to the printer [Bharti et al., 2015]. The designs can
easily be manipulated and evaluated by users using various CAD software
which presents a user-friendly environment. In this paper, a few significant
AM techniques have been discussed and the concept of integrating the
technology into educational system has been explored. The chapteris divided
into 5 sections of which the first section discusses some of the available
techniques in additive manufacturing and their feasibility to get incorporated
in the educational institutions with proper safe handling measures. From
section 2, the term 3DP is frequently used instead of AM. The 2™ section
gives a detailed literature review on the present application of 3D printers in
educational institutions and libraries. The 3™ section discusses some of the
advantageous features and challenges of using 3D printing in educational
institutions and how are they going to be tackled and used in different aspects
of learning and teaching rather than only using it in research applications.
The 4™ section gives a brief overview of the probable sources of impacts on
learning and collaborative culture in educational institutions. The effectiveness
of the integration of additive manufacturing and educational system and scope
for future enhancement forms the fifth section.
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ADDITIVE MANUFACTURING TECHNIQUES,
THEIR FEASIBILITY, AND SAFETY MEASURES

The methods involved in additive manufacturing differs in theirimplementation
of bonding techniques where few of these depends on the thermal fusion of
the layers of material one above the other while in other cases, cohesive and
adhesive bonding is obtained by spraying binders onto powder formed ceramic
or polymer particles. In some other techniques layers of sheets are placed
one above the other with adhesives being applied onto each combination of
surfaces for strong solid object. The initial design procedures for each additive
manufacturing technique though remain the same, involving 3D CAD solid
model construction and converting it into AM file (.stl) format, slicing of
the 3D model based on the need of accuracy and type of AM machines to be
involved and then loading the file into the AM machine. Few of the additive
manufacturing techniques involved in 3D object fabrication are described
below:

Fused Deposition Modelling (FDM) was patented in the year 1992 [Huang
et al, 2013], which uses liquid thermoplastic material raised in temperature
of up to 1 degree above the melting point so that it readily solidifies once
it is extruded out of the nozzle and cold weld to the underlying layer. Ultra
thin layer of liquid polymer is spread across the previously generated layer
in the form of slice. In education system, this AM technique can be used
to build small objects where the weight of the object is of least concern. In
case of building large objects two nozzles are generally employed, one of
which is used to construct the supporting element structure made of cheaper
material which can easily be removed out once the object is perfectly capable
of holding its own weight [Pham & Gault, 1998]. The process uses material
such as wax, ceramic and metal [Kruth et al., 1998].

Inkjet Printing (IJP) is based on non impact dot matrix technology which
involves a liquid phase material or ink consisting of solutes dissolved or
dispersed in a solvent. It was first used for creating 2D image but later was
developed for 3D object building. It was first patented in the year 1951 [Le,
1998] and is still being used and developed with time, till the present age.
The liquid material is forced out of a nozzle made of piezoelectric elements
which triggers a sudden quasi-volumetric contraction. The ejected material
droplets impinges on the substrate and the solvent gets evaporated which
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dries off and accumulates the solute layer after layer to form a 3D object.
The technique exhibits a quick process and the manufacturing of transistors,
sensors and solar cells are commonly seen exploiting its use [Singh et al.,
2010]. The disadvantage lies in the equipment cost and delicacy where the
ink cartridges are too expensive and print heads too fragile.

Laminated object manufacturing (LOM) process is an additive technique
which is relatively less toxic and expensive. Patented in 1988 [Huang et al.,
2013], this process utilizes sheets of materials coated with adhesives on its
surface. The layers are spread one above the other and a 2D profile on each
layer of sheet is cut using laser. The focus and height of the laser is adjusted
such that the penetration of the laser is only about the thickness of each sheet
and prevents any damage to the underlying layer. The procedure begins with
the base and gradually increasing in its height to the top forming a 3D object,
the laser head being gradually moving up in the Z direction and adjusting
the focus and penetration. Though LOM process has an accuracy defect in
its Z direction resulting in dimensional stability issues and post processing
time required for eliminating the waste [Kamrani & Nasr, 2010], it can be
useful for educational system to demonstrate things which do not require
much accuracy and are small in size.

Stereolithography (SLA) is an additive manufacturing technique which
employs photosensitive monomer resin treated with light or UV laser for
solidification. It was patented in the year 1986 and was first publicised by
Hull [Hull, 1988]. The base monomer layer of the desired 3D object is first
fused using laser, making a 2D solidified sectional layer which is lowered
into the liquid monomer to get coated over the prepared surface and lifted by
an amount, such that a blade wipes out the extra top liquid resin, maintaining
a thickness of a single slice for treating the next layer. Similar sequential
steps are performed for each layer which build up the part to the top and the
“support material” is later manually removed from the object. Though SLA
technique can prove to be a less time consuming process with good surface
finish attainable, it is a costly affair as the photopolymer itself cost about
$300 to $400. Also it is applicable to production of only small sized products
and not exceeding a cube size of 2-foot.

Selective laser sintering (SLS) is an additive manufacturing process which
utilizes the heat generated by laser to sinter the powdery particles to reach a
temperature lower than its melting point so that distortions can be avoided
and fuses only to particles on the previous layer. SLS was first patented in
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1989 [Huang et al., 2013] and employs powdery form of ceramics, polymers,
metals, glass or any other material as raw materials. Layers are being sintered
one above the other by spreading new layers of powder on top of the already
sintered structure. The un-sintered particles remain in place to support the
solid structure till the end of the fabrication, then it is removed and reused
for next fabrication. SLS technique is fast and provides better durability and
functionality. It lags behind in their surface finish, as compared to the SLA
and material changeover [Kamrani and Nasr, 2010].

Three dimensional printing (3DP) was first patented in the year 1993
[Huang et al., 2013] which is employed for fabrication of metal, ceramic and
metal/ceramic parts and is fast and cost effective [Marks, 2011]. Powdered
material is deposited on the substrate in which binders are sprayed at selected
position and area for joining. The material is first misted by water droplets
for stabilization to prevent disturbances caused by hitting of the binder. The
unbounded particles are removed, and further processing is carried out by
heating the part to high temperature for effectiveness in binding strength.

Feasibility in General Applications

Some of the difficulties faced while considering feasibility of AM in general
applications are surface roughness, dimensional instability and cost of the
device itself. High surface roughness and dimensional instability can be
attributed to large size of the powdered particles and their arrangement on top
of one another at the trajectory of the printing head. The 3D printers comes
at a high cost, starting at $5000 to about $50,000 excluding the binders,
powdered material and other extra accessories [Huang et al., 2013].

Some of the environmental feasibility factors in additive manufacturing
include less pollution of aquatic, terrestrial and aerial ecosystems; less
wastage of material and energy consumption [Luo et al., 1999]. The use of
cutting fluids in conventional shaping of material such as machining by a tool
contributes the highest, to the liquid pollutants. Moreover the scrap material
removed as chips causes an additional wastage and less efficient and with it
energy consumption also elevates. The measurements for energy consumption
is taken in kilowatt hour (khW) per kilogram of the 3D object produced.
Experiments have been performed considering different AM techniques for
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studying the energy consumption characteristic and were found to depend on
the way of conducting the experiments. The energy fluctuations were caused
due to higher energy rate consumption during warm up and cool down stages
[Baumers et al., 2011].

Occupational hazards in AM are not as severe as in the conventional
manufacturing processes such as machining but it possesses a different set
of hazards such as disposal of waste materials in various AM processes, their
usage and handling. A low viscosity liquid resin called Tuxedo TMG3-HCM
is found to cause genetic mutation and alteration of cells to completely change
its structure [American dye source, 2002]. Some other health effects are
harsh reactions on skin, eye irritation and allergies caused by either inhaling
the harmful chemicals or spilling of it onto the skin. Long exposure to these
harmful chemicals can cause serious health issues, the fatality of which is
not known completely yet. The materials used in AM processes are generally
long hydro carbon chains which are non bio degradable and survive for an
extended period of time after the operation has been shut down. These long
chain carbons degrade with time to release harmful gases like carbon dioxide,
carbon monoxide and nitrogen oxides. Some other harmful chemicals and
gases evolved during the operation include CFC’s, HCFC’s, CCl,, CH,CCl,,
nickel and lead compounds [Drizo & Pegna, 2006]. The solvent used for
dissolving the support materials in AM processes like SLA are found to cause
some health issues like skin burns and respiratory uneasiness.

Proper handling and safety measures during operation of AM machines
have to be considered by all personnel working on them to avoid any dermal
contact or chemical spills. Protective masks, goggles and gloves must be
provided to every operator during AM operations and they must be trained
before handling and operating on high intensity laser heads.

RECENT APPLICATIONS OF 3D PRINTING
IN EDUCATIONAL INSTITUTIONS

Though the conventional manufacturing processes cannot be replaced
completely due to limitations as givenin [Stein, 2012], additive manufacturing
processes or 3DP can play a major role in design sector. Complex prototype
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building and modifications in between operations for any change in flexibility
of the material or stiffness of the prototype [Huang et al., 2012], can be
achieved in a very short duration of time. The technology is efficient and
environmental friendly as compared to traditional manufacturing [Huang et
al., 2012].

Due to these advantages, falling costs of the AM hardware [Hoy & Brigham,
2013] and realising the need to shorten the gap between the rate of adoption
of the human skills and computational technology in industrial revolution (as
already discussed in the introduction part), 3DP’s efficient and productive
application in educational institutions have been discussed. The application of
the AM technology in educational institutions as tools for the students to help
them in learning various regular subjects can be distinguished based on the
education level of the students and requirement of the type of demonstration
by teachers. From the below section, the additive manufacturing will be
denoted as 3D printing in a general way.

3DP as Educational Tool in Primary,
Middle, and Secondary Schools

In schools, 3DP technology have been employed for building physical models
for better understanding of STEM subjects like mathematics and science [Bull
et al., 2014]. The motive was to bring in the engineering and technology
curriculum into school learning of the regular subjects. Table 1 shows a few
applications of 3DP technology integrated into school curriculum.

As can be seen from the Table 1, most of the integration of 3DP into
schools were based on introductory overview of the design and fabrication
aspect of it and stressing more on its application in improving the concepts
of STEM subjects.

Additive manufacturing proves to be an effective tool for teachers and
students to explore new ideas in a physical realm, learning in the process
instead of imagining from the textbook [Kostakis et al., 2015; Loy, 2014]. To
carry out this integration teacher must be fit and dynamic enough to develop
their professional skills and keep themselves updated [Kostakis et al., 2015;
Bull et al., 2015]. The major issue is with the students who needs to build
their attitude towards adaptation to new technology [Kostakis et al., 2015;
Nemorin & Selwyn, 2016], their previous technological awareness and being
comfortable with the inclusion of 3D printing into curriculum.
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Table 1. Table for papers presenting 3DP integration in primary, middle and
secondary schools

School and
Country Educational
Papers Subject Area Paper Summar,
1 Adopting Level L . v
3DP
Science, . . . . S
4™ grade technol With self design and innovation, a teacher with his/her
echnology, . . . .
Cook et al., 2015 student ) gy students learnt to be creative and built a 3D printed prosthetic
engineering, Arts . o
(elementary) . hand using 3D printing in STEAM lab or makerspace.
and mathematics
Students were able to understand the concept of 3-D object
Corum and 5t grade . dimensions and learn to built physical models such as
mathematics ) A .
Garofalo, 2015 student rectangular prism and cubes, using modelling software and
die cutters.
6" arad Two student groups (reference and the intervention groups)
rade
. § ! were studied in their improvement in mathematics by letting
students
Huleihil, 2017 (middl mathematics them think, design and produce 3 dimensional geometries such
middle
hool) as cubes, prism and cylinder. Comparing both the groups by
SChoO!
conducting tests proved the result to be positive
A transmedia study was carried out with few students
. accessing the 3D printers in evaluating their STEM projects
Stansell and Tyler- ) Science and . .
Middle school R end solution and the other group not having access to 3D
‘Wood, 2016 mathematics . o . .
printers. A significant development in mathematics concept
was built in the students of the group having access to it.
A 3 moth project run in two high schools to examine the role
. Loannina, X o of open source 3D printers and a design platform in improving
Kostakis et al., 2015 High school Artefact building . . i .
greece the design and skills in students by producing creative
artefacts.
Science, . .
. Students were able to create police whistle and study the
. . mathematics, . . .
Makino et al., 2017 Japan High school sound frequencies by altering the length of the mouthpiece
technology and )
. N and radius.
engineering
Participants were given access to open world game minecraft
Secondary Computational and 3D printers, to learn computer aided design and additive
Roscoe et al., 2014 L . . L o .
school thinking manufacturing by design thinking and building a miniature
world from scratch.
A study was carried out where half of the students were given
. ) the task to design the structure of atom using iPads with

Girls high .
the help of an app called AutoDesk123 design and then 3D

school, 10" grade . . R

Chery et al., 2015 B . . Chemistry printed at Drexel University. Tests were performed before

Philadelphia, (high school)

PA and after the programme for all the students and the result
showed an improvement in the concept of students who have
experimented their models against the students who have not.

Middle and Fossils and A curricular prototype of a giant extinct shark Carcharocles
‘ossils an
California high school R Megalodon has been presented to students in two high school
Grant et al., 2016 . science of . | ) . .
and florida (K-12 schools leontol and middle school in their study of fossils and science of
aleontolo,
inUS.) P £y paleontology, made by 3D printing.
Vert A summer program around e-Nable involving a group of
ertus
Mastery based 12-16 students led by an educator had been implemented to
charter 9 grade K K i
. . online coursework | assess students performance after each level of their learning
Jacobs et al., 2016 school in students (high . . L. N . L.
and hands on experience in designing, student-teacher interaction activity

Rochester, school) . L. L L. .

learning activity and hands on activities such as 3D printing, game designing,

New York

machine designing, art, chess and slam poetry.
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3DP as Educational Tool in Tertiary
Education (Universities, etc.)

3DP adoption in universities and specialized studies can be identified based
on the purpose of the 3DP product being produced, as in making artefacts
to assist in STEM education [Bagley & Galpin, 2015; Hall et al., 2017] and
producing test specimens for experiments [Golub et al., 2016]. Building
prototypes and components by the students for their projects in a project-
based learning environment [Martinez et al., 2016], hold the other option
for 3DP applications in universities including robotic applications (building
components for educational robots) [Ziaeefard et al., 2015] and 3D printer
constructions [Mercuri & Meredith, 2014; Kayfietal.,2015]. Table 2 describes
some of the initiatives taken by various universities in incorporating 3D
printing into their university curricula.

As we can see from the Table 2 most of the application of 3D printing
is limited to engineering field with few in medical applications such as in
building molecular structures for pharmacy applications, simulation models
for application based on real patient situation and 3D printing of skeletal and
muscle cells [McGahern et al., 2015; Hall et al., 2017; Kroger et al., 2016;
Bagley & Galpin, 2015].

Most of the 3DP applications (from the table) are through project based
learning and integration with the course curriculum. This enables students to
utilize 3DP as a tool for experimentation, product development and concept
verification leading to new ideas and innovation.

With 3D integration, student learning has become more active, interesting
and passionate. Firstly, there is enough exposure for students to visualize
their 3D problem [Chen et al., 2014] and understanding mechanisms and
concepts. Secondly, student teacher relationship [Nemorin & Selwyn,2016] has
improved with the introduction of 3DP in the education system as it ensured
maintained level of interest in students by adding a visual representation along
with the teacher’s lecture. With full fledge adoption of 3DP in the education
system, the teacher would be called more often as mentor because the mentor
would be learning the subject in a physical realm alongside with the students
[Loy, 2014]. Thirdly, it gave the students the vision to quickly analyse their
objectives or future goals as they get thorough the structure of the problem.
Students get accustomed to their responsibilities [Fernandes & Simoes, 2016]
and thinking of a design for a product which is environmentally sustainable
[Luo et al., 1999].
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Table 2. Table for papers presenting 3DP integration in tertiary education

University and

university, Pueblo

and industrial

engineering)

Papers Country Adopting Educational Level Subject Area Paper Summary
3DpP
Undergraduate The paper explores utilization of
engineering inexpensive 3D printers in supporting
. Colorado state . L . . . :
Jaksic, 2014 (Mechatronics 3D printing engineering and non engineering

programmes and challenges for a

successful 3D printing.

Reggia et al., 2015

The University of
Maryland, college
park

First year engineering
major

Design course
(project based)

Students in a multidisciplinary group
of 8-10 had to design and build an
autonomous vehicle using 3DP and
then test. Also CAD courses have
been merged with 3D printers to give
an experimental motive to the design

software learning.

Minetola et al., 2015

Politecnico di
Torino, Italy

Masters in
Mechanical

engineering

Design and 3DP
technology

A survey to assess the outcome of
incorporating 3DP technology into
mechanical engineering curriculum.
The participants got to design and
create multiple polymeric components
using Fused Deposition Method (FDM)
which had to be assembled by the
students itself for the final prototype.

Bilen et al., 2015

Undergraduate
engineering

Design course

The students used 3D Printing to design
and built rocket to accomplish a launch
trajectory set by the faculty. Application
of 3DP enabled students to make quick
changes to their model for any design
alteration.

Jankovic et al., 2016

University of

Masters studies in

Fans and turbo

Students were able to design axial fan

impeller blade and fabricate using 3D

Kroll and Artzi, 2011

Belgrade, Serbia science chargers o
printing.
Two polymer based Rapid prototyping
aircraft models were built to be tested in
Israel institute of 4™ year aerospace Aerodynamics, subsonic wind tunnels by the students.

technology, Israel

engineering

experimental project

The 3DP models bought down the cost
of wind tunnel experimentation and
within the budget of academics.

Pieterse and Nel, 2016

University of
Johannesburg (UJ),
South Africa

Undergraduate
mechanical

engineering

Design and research
projects

Students performed their design
projects using Dimension elite 3D
printers and research works through
capstone research projects.

Go and Hart, 2016

Massachusetts
institute of
technology, MA

Graduate and
advanced
undergraduate

Additive

manufacturing

In a 14 week course curriculum,
students were introduced to the
technical aspect of the AM, design
procedures, machine controls along
with lab tasks of fabrication using 3D
printers, a bridge of maximum strength
to weight ratio with end conditions.

Valero-Gomez et al., 2012

Open source

Engineering

Design and A.M.

A training course based on the open
source community oriented project
based learning had been implemented
where the participants with the help of
open source 3D printers and connected
to other designers, built a PrintBot
(printable mobile robot).
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Table 2. Continued

Additive Manufacturing

Papers

University and
Country Adopting
3DP

Educational Level

Subject Area

Paper Summary

Gatto et al., 2015

University of
modena and reggio

2" year mechanical

engineering

Cost analysis,
prototype testing,

Students built an eye traker head mount

by reverse engineering a digital head

» design and model using 3D printing in an inter-
emilia, Italy undergraduate L ) i
development disciplinary project based learning.
Students learned the simulation and
State university of X . Modelling and development of MEMS device using
Dahle and Rasel, 2016 Engineering i i K . i
new york, USA simulation 3D printer in a semester long design

module.

Payne, 2015

University of north

Computer science

and information

Computer graphics

With the integration of 3D printers in
the computer graphics course students

china

engineering

manufacturing

georgia, GA course L.
system learned to scan, model and 3D printing.
N ) ) . Students were able to operate on 3D
. Tsinghua University, Undergraduate Additive B i . )
Lin et al., 2012 softwares, design and fabricate their

own desired prototypes.

printed on 2/14/2023 12:24 PMvia .

3DP as Educational Tool in Libraries

3DP has revolutionized the consumer market by being capable of providing
an easy and quick access to various customized products [Petrick & Simpson,
2013] desired by the consumers. In a way, this technology boom can be
considered to bring ademocratized environment for design [Lipson, 2012] and
fabrication just like books have democratized information through ages and
internet democratized communication world [Griffey, 2012]. Library holds a
neutral zone in the entire university campus to provide a multidisciplinary and
cross disciplinary interactive environment [Van Epps et al., 2015; Gonzalez
& Benett, 2014]. This interactive environment integrated with 3DP can
suffice the growing research need among scholars and university students.
This can also solve the core motive of the future libraries of democratizing
information and technology [Hoy & Brigham, 2013].

Future public libraries are sure to inevitably adopt 3DP as tool [Hoy
& Brigham, 2013] for building innovative and productive collaborative
environment where people will be able to gain easy design file access or
bring their own design to convert it into 3D product. On one hand where
there is great feasibility of adoption of 3DP in technical university and public
libraries, the feasibility of medical libraries in adopting 3DP can be a matter
of concern. Few possible reasons why 3DP should be integrated in medical
library can be described [Hoy & Brigham, 2013] as below:
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Table 3. Table for papers presenting 3DP integration in libraries

University Who Will

Paper and Country Benefit? Library Type Paper Summary
An open access 3D printing
studio has been maintained in
the library to be accessed by
Scalfani et al., 2013 University of Students, faculties, Unlver51ty users after a two step training
Alabama staffs library procedure. The user can avail

the 3D printers and design
workstations installed, for their
project and research works.

A 3DP library service has
been implemented to better
University understand the outcomes of

Nowlan, 2015 of Regina, same Umversny such adoption and modifications
library L
Canada necessary for the sustainability
of it. Training for the users is
found to be necessary.
A 3D printing and scanning
service consisting of 3D
University Science and printers and scanners being
Gonzales and . . . . - .
of Florida, Undergraduates health science installed in respective libraries,
Bennett, 2014 . . .
United states library has been implemented to assess

improvement in research and
teachings from such integration.

3D printing technology and

a visualization wall has been
integrated into Marston science
Science library library to provide assistance

University

Bharti et al., 2015 | of Florida, Teachers and

United states faculty in teaching and research.
Assessment of the integration
proved to be successful.
Information Librarians were assisted to
Williams and State library studif':s students quickl}f adapt to the.use of
folkman, 2017 of no-rth and llbljaIy makerspace ma‘l«?rs technology including
carolina, professionals trainings, workshops and
across the state conferences.
A 3D printing and scanning
technology has been
Dalhousie implemented which served
Groenendyk and University. Faculty and University students and faculties in
Gallant, 2013 canada ’ students library carrying out their research

projects. Scanning devices make
it possible for carrying out
archival studies.

1. Medical libraries are not technology focused. There are few cases of
using 3DP for organ, tissue, medical equipment development [Waldo,
2012; Thilmany, 2012], but it is very unlikely that these fabrication will
be taking place in medical libraries as these procedures require expertise
and medical professionals. Librarians though can learn the procedure
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which remains same be it in a consumer grade or educational low budget
3D printer, to help medical users with their learning.

2. 3DPrequirementinmedical libraries can be realised in creating anatomical
artefacts and models for clinical practice and education [Shapeways 3d
Printing News and Innovation, 2011].

3. Medical libraries can provide a shared access to an expensive resource
like 3D printers in universities to be availed by multidisciplinary students
and faculties.

Table 3 gives us an account of few initiatives taken to integrate 3DP in
libraries.

Fromthe Table 3 itis found that digital library play amajorrole in providing
a collaborative environment for the university community to communicate
and learn from external sources. Students, faculties and librarians can avail
this opportunity to carry out their own research works and teaching plans
[Groenendyk & Gallant, 2013; Bharti et al., 2015]. Few of the examples give
us anidea of the plan for successfully integrating 3DP into libraries [ Gonzalez
& Benett, 2014; Nowlan, 2015].

Libraries are spaces for gaining and sharing knowledge, which enables
students to look for solutions to their problem by communicating with
other users (faculty, librarians, etc) across different universities, innovate
and build 3D parts and components for their projects. As Groenendyk and
Gallant explain, the motive of the library is “to take the knowledge-sharing,
innovation-driven ideals of hackerspaces and bring these into an academic
library setting” [Groenendyk & Gallant, 2013].

Libraries are grounds of learning for both non-technical and technical
students in an institution [Van Epps et al., 2015]. Non technical student who
are new to this technology, can discuss and learn how to use 3DP devices from
educators and technical users for designing artefacts and decorative items.

Librarians can go through training on the basics of 3DP so that
communications with the library users [Groenendyk & Gallant, 2013;
Williams & Folkman, 2017] becomes more relatable and understandable,
collaboration with teachers is easy and maintenance of the 3DP equipment
and troubleshooting it in case there is any malfunction is possible [Bharti et
al., 2015, Groenendyk & Gallant, 2013].

3DP in library must consider the safety measures and health issues, the
cause of which depends on materials to be used for printing and method
of prototyping. This is the reason behind using Poly lactic acid (PLA) as
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replacements of ABS [Bhartietal.,2015; Bharti & Singh, 2017] asitdecreases
the production of ultra fine particles by about 10 times during fabrication
process. Another issue with using 3DP in libraries is the intellectual property
(IP) where the library users and librarians must be instructed for preventing
any infringement of copyright materials and products [Finley, 2016; Jones,
2015; Chan & Enimil, 2015].

3DP in Special Educational Settings

3DP application in education for students with visual, motor and cognitive
impairment or the combination of all three can be improved by specific settings
inits use in the educational system [Horowitz & Schultz, 2014, Buehler et al.,
2014]. These special settings include custom adaptive devices and educational
aids developed for facilitating enhancement of the interests in students with
the above mentioned issues, towards the STEM subjects [Buehleretal., 2016,
Buehler et al., 2014]. Students with cognitive impairment were instructed to
use tindercad software before going for construction of their own 3D CAD
models [Buehler et al., 2016].

The students, due to lack of time and difficulties in performing tasks to
create their own designs had to adopt and modify designs already available
in the open source sites. The students had to go through a time consuming
process of learning the software first before facing further challenges in
developing their own 3D design and manipulations, due to which the interest
level of students decreases and crave for innovation is lost. With less time
available, student’s enthusiasm for exploring potentials in 3DP has been
affected by their concern for efforts required in learning the software as said
“they currently see the task of 3D design and printing to be someone else’s
work, and see themselves as consumers of that work” [Buehler et al., 2016].

TRANSFER OF KNOWLEDGE FROM THE
3DP MANUFACTURER TO THE USERS

The different ways by which 3DP can be implemented in educational system
is by giving trainings or introduce courses to students, teachers, librarians
and educators. This is an active integration of 3DP [Junk & Matt, 2015].
After gaining knowledge, 3DP can be utilized in a number of different ways
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which can be in the form of assistance, artefacts or concept solver. This can
be considered as passive integration of 3DP as the technology is used only
to support facts and evidence for other projects and courses.

Teaching Students in Educational Institutions

3DPintegration in universities include introductory courses, project-oriented
courses, workshops and 3DP application in other projects as passive integration.
The courses can be briefed and summarized as given in [Minetolaetal.; 2015,
Junk & Matt, 2015; Payne, 2015; de Sampaio et al., 2013; Liou et al., 2012]
and it can be “detailed descriptive” and specific as given in [Radharamanan,
2017; Go & Hart,2016].3DP can be implemented for creative experimentation
[Loy, 2014; de Sampaio et al., 2013; Chiu et al., 2015], product development
and entrepreneurship [de Sampaioetal.,2013; Liouetal., 2012], assistance of
3DP for understanding concepts in other technical courses [Liou et al., 2012],
and assist multi and inter-disciplinary skills [de Sampaio et al., 2013]. The
main motive behind all integration is to improve technical and non-technical
skills by having the best and efficient use of 3DP technology.

A 14 day MIT-based course on additive manufacturing with 30 students
participating had been organized. The first five days of the course concentrated
in giving an introductory overview of different additive manufacturing
techniques available such as SLA, SLS/SLM and FDM along with the different
techniques involved in scanning and lab sessions held for exercising their skills.
Two group exercises were introduced alongside the introductory classes in
other special topics like bio-printing, computational designs, design assembly,
design and economics of additive manufacturing, micro and nano-additive
manufacturing and .electronic printing. The two group exercises enabled
students to put in their own design ideas and creating their own innovation.
In overall, the course was highly satisfactory with positive feedbacks from
students in both the lecture and workshop sessions [Go & Hart, 2016].

3DPteaching has also been incorporated in the City university, Hong Kong
into an engineering-based course [Chiu et al., 2015]. Gagne’s model [Gagne,
1985] for structural framework of teaching was used to carry out these courses
for2013/14 and 2014/15 with student participation of 89 and 28 innumber. The
aim was to cover knowledge regarding the different stages in 3DP designing
and fabrication which are pre-processing, fabricating and post-processing.
Though 50% of the participating students were from engineering background,
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some were even from business studies background, liberal arts and social
science background. The overall feedback from the student was positive and
they experienced ease of designing with CAD software in presence of tutor.
They improved in their attitude and innovation towards designing with 3DP.
Though a range of differences in difficulty level in learning the concept and
implementation was also observed which can be related to weaker technical
background in non-technical and engineering students [Chiu et al., 2015].

A semester long course on AM technology have also been carried out
in the departments of mechanical, industrial design and manufacturing at
the Metropolitan state university in Denver. In a 16 days course students
learned about the 3D scanning, solid modelling, design for AM techniques,
mesh manipulating and designing, fabricating, sustainability issues and post
processing. The challenges in carrying out the course lies in non availability
of appropriate textbooks in the 3DP domain, continuous requirement of
supervision and requirement of working in lab outside class hours [Paudel &
Kalla,2016]. Similar courses on AM was also introduced in Mercer university
where it was incorporated as elective for students in engineering field for a
16 days programme.

In all the above- mentioned programmes, the basic 3D solid fabricating
from the initial designing phase can be taught to the students in mainly
three approaches [Junk & Matt, 2015]. In the first approach, students are
told to download previously designed CAD 3D models from the database
and transferring the file to the AM machine for fabrication. In this way,
the students are able to solve for complications and design sustainability
in transferring CAD data file into the machine and the limits of the AM
machine itself. The students are able to explore the capabilities of AM in
different designing domains. In the second approach, the students were
allowed to build their own designs applying their innovation and modelling
skills instead of using database and extract designs already available [Junk &
Matt, 2015]. This enables them to tackle obstacles and complications related
to following the design procedure and builds confidence and motivation in
using the technology. In the third approach, the techniques involved using
the 3D scanner for building the 3D model in CAD software, manipulating
the scanned profile and printing the final model were used.

For teaching students about 3DP in schools, the examples can be taken of
the two Greek high schools where the students were given knowledge about
3DP designing and printing by letting them participate in a collaborative
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project [Kostakis et al., 2015]. Two groups were chosen from the two high
schools of age ranging from 15 to 18, who were made to work on a project
which includes 700mins of introductory class about 3D CAD modelling
and various designs to be considered while transferring digital models to
AM devices. In the experimental phase of the project session students were
instructed to build their own imaginations and design accordingly so that an
errorless 3D model is created. They build artefacts and perfected their model
by making modifications and necessary changes in design repeatedly to get an
errorless 3D model. Between operations, students had to go through various
obstacles and complications which needs to be solved with utmost delicacy,
care and thoroughly. This art of handling complications in between design
operations require instructor’s attention, working with whom, the students
can gain hands in experience and confidence in 3D designing and printing.

Programs have been tried in an elementary school in Baltimore for the 3™
and 4" grade students incorporating FDM 3D printers for prototyping. The
program is basically to improve interest in arithmetic and all other STEM
subjects by introducing 3DP in their project which helped students visualize
their problems and concepts. The students improved in their problem solving
ability and developing iterative designs, first in a low fidelity format to the
final prototype building.

A lot of time is needed to be invested on the students while teaching
modelling and printing techniques and instructor’s effort in doing so will
make a significant effect on the understanding of the subject by the students.
Another drawback of 3DP is the time taken for the large 3D prints [Easley
et al., 2017; Plemmons, 2014] to be accomplished which is very high and it
will be very inefficient for the students to remain stuck in one project while
missing all other class lectures.

Teaching Educators About 3DP in Educational Institutions

Apart from all the challenges in integrating 3DP in school and university
course curriculum and workshops, a major problem lies in teaching of the
educators who can be considered the real connectors for the ideas perceived
by the students about the fundamentals of the 3DP technology. In the present
scenario schools, the educators does not fully qualify to pass on their knowledge
in the 3DP field to the students as they lack the expertise in design thinking
and engineering designs [Bulletal.,2014]. Current teacher’s training program
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does not include this expertise, so there is a huge role to be played in teaching
the educators about 3DP integration in designing and school courses.

Programs have been initiated as given in the literature [Maloy et al., 2017;
Moorefield-Lang,2014] to teach the educators about 3DP technology, to teach
the active educators (who are already related to this field) as professional
development training and to teach the librarians.

Early childhood educators [Sullivan & McCartney, 2017] were given the
preference along with science educators [Vemer & Merksamer, 2015; Irwin
etal.,2014] who had received first, the teachings concerning 3DP technology
in their teacher’s training program. The program was aimed at students and
educators integration towards achieving a common design goal using 3DP
technology, learning together in the process and critically evaluating new
technology, analyse the technology hurdles in incorporating it into early
childhood classrooms [Sullivan & McCartney, 2017].

3DP workshops can be attended by childhood educators, science teachers-
biology, chemistry, physics teachers where 3DP technology, its construction
and principles can be passed on so that educators can build their own 3D
printers for fabricating instruments and equipments in their respective lab.
Similar involvement of biology educators [Irwin et al., 2014] were observed
during 2 day workshop on Reprap 3D printers at the Michigan Technological
University. Middle school teachers can be given access to 3DP workshop
training to build artefacts that would enable them to explain their concerned
subjects to students more appropriately and with ease. Teachers have first
found difficulties in using Tinkercad design software but found it easy to
understand in the presence of technical support [Maloy et al., 2017].

Active educators who already have the basic knowledge about the recent
computing technologies in the middle and high school levels have been
trained in a program of 3 workshop days where recent technologies based
on 4 major advancement in application of computational technology such as
internet of things, robotics, mobile application and 3DP were explained and
analysed for any limitations and challenges in integrating the technology in
the teaching. The program was held at King Saud University and the feedback
was that 3DP score for the willingness of the educators to integrate 3DP in
school courses was the minimum among all the other emerging technologies
and the percentage of acceptance was about 57% [Al-Mouh et al., 2016].

There is not much evidence and literature on workshops being carried out
for librarians and they do not get any assistance regarding acquiring skills
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on 3DP. A little self curious attitude towards the subject or self learning, self
experimentation, exploring the field by travelling to other university libraries
and educators, travelling museums and peer learning will help librarians to
acquire enough material to decide about integration of the technology in their
own libraries. An initiative to build skills on 3DP technology was attempted
at the university of north Carolina, Greensboro for all librarians across the
states [Williams and Folkman, 2017] and was successful as it stressed upon
the environment of “okay to fail” attitude which encouraged the participants
to actively get involved with the hands in experience on 3DP designing and
fabricating.

Probable Sources of Impact of 3DP
on Educational Domain

Considering the discussion above, the impact of 3DP on educational culture
in the near future can be portrayed in terms of learning habits, teaching skills,
student-teacher relationship, contribution to disabled learners, rate of transfer
of knowledge and its utility in medical applications. Two probable sources of
these impacts have been discussed in the form of 3DP artefacts and support
systems as learning assistance.

3DP Artefacts as Aid in Learning

Producing artefacts using 3DP technology has changed the learning experience
of the students in their STEM subjects. It also enabled educators to quickly and
easily explain the complex concepts behind any 3D representation. As already
discussed, biology teachers can be trained to build their own 3DP artefacts to
explain very small size organism or organs that is difficult to visualize just
by reading the textbook or referring to 2D diagrams. Mathematics teachers
can utilize 3DP technology to construct complex 3D geometries that cannot
be visualized during normal textbook readings and referring diagrams in 2D.
Similar utilization of artefacts can be observed in the teaching of chemistry
[Blauch & Carroll, 2014; Stone-Sundberg et al., 2015] and physics. In anatomy,
for the study of the human bones, 3DP artefacts can be employed resembling
exactly like real or plastinated bones that are presently very expensive to
buy. Moreover, 3DP artefacts will ensure safety of the original specimen
[AbouHashem et al., 2015].
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Investigations have been carried out in anatomical field where groups of
medical students were detailed about the upper limb using 3DP artefacts.
The 3DP parts were accurate and in compliance with the actual body organ
dimensions. Yet, the students were in agreement that although 3DP parts
were perfect in understanding the mechanism, it can be best utilized with
plastinated specimens to aid learning [Mogali et al., 2017]. A one-third
scale model of lower limb posterior compartment had been fabricated using
3DP and presented in a limb anatomy class. The class was divided into two
groups of students, one of which is using the dissection specimen and the
other using the 3DP copy of the specimen. No significant difference between
the knowledge gained by both the groups about the subject on anatomy had
been observed [O’Reilly et al., 2016] which implies 3DP models can be an
effective substitute when dissection specimen is not available or not sufficient
[McMenamin et al., 2014].

In chemistry, 3D printed molecular structures has played a major role in
the understanding of the subject in a more detailed way rather than using 2D
diagrams and texts to imagine the object. Mostimportantly, it was observed that
cost of the 3D printed chemistry models is 1/50™ of the commonly available
artefacts in market and using freeware CAD design software [Griffith et al.,
2016].

Integration of 3DP technology in the teaching of dentistry have also been
studied and applied. A 3DP model for prosthodontic practices was introduced
to a group of 22 dental student in their fourth year [Kroger et al., 2016]. The
experience was healthy with high positive feedbacks from the students as
they claimed the worthiness of 3DP in practicing removal of crowns and
installing new crowns. Clinical courses can be well explained and worked
on with the introduction of 3DP technology in a more practical environment.

3DP as Support Systems

3DP can be used to develop technology as support systems [Horowitz &
Schultz, 2014; Buehleretal.,2014; Buehleretal.,2016] for visually, cognitively
and motor impaired condition. It can also be employed for educating blind
or hearing-impaired people in gaining a better knowledge of the subjects in
science, mathematics, history and literacy by incorporating 3DP specimens
[Kolitsky, 2014; Cavanaugh & Eastham, 2017] and graphics to assist them
touch, feel and understand concepts in a physical realm.
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In the subject of history, the introduction of tactile 3DP textbook has
enabled students to enhance their capability to memorize things that are too
obscure to understand by traditional means of education [Jo et al., 2016]. It
also helped educators to reduce their time of teaching and in better transferring
of knowledge. Tactile graphics is another provision which enabled students
to touch and understand ancient artifacts or weapons and develop eagerness
and excitement in learning the subject [Kane & Bigham, 2014]. The main
issues with these tactile graphic was its brittleness and more time to 3D print.

EFFECTIVENESS IN THE INTEGRATION OF
AM TECHNOLOGY WITH THE EDUCATION
SYSTEM AND FUTURE SCOPE

As seen from the above section, it can be concluded that 3DP integration
with engineering and technological universities has reached the stage of
maturity as it perfectly suits with the design research and manufacturing
advancements (as observed in Table 2 and Table 3). Apart from the design
and engineering, other STEM subjects have also adopted this technology to
strengthen the grasp of the subjects by the students (Table 1). Artefacts and
models are being manufactured using 3DP which mimic the actual object, and
helps students in understanding some of the complex aspects of the STEM
subjects. Non STEM subjects, however has not much advanced in adopting
3DP for in-class teaching.

In universities, engineering and design departments have opened their
dedicated services of integrating 3DP technology into other disciplines.
Centralized libraries have been provided by universities which incorporate
3DP technology to be accessed by institute community including the non-
technical users for advance exposure [Table 3].

In the present scenario, the expertise in AM technology is less and educators
themselves are not fully aware of the technology and lack basic design thinking
and computational skill [Bull et al., 2014]. 3DP educational components
needs to be incorporated into the training curriculum of pre-service educators
and workshops and courses need to be arranged for in-service educators to
enhance skills in 3DP applications and to provide better guidance to the
students. This issue of “training the teacher”” have often been overlooked by
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the current papers. At present, there seems to be alack of books on “teaching”
regarding integration of 3DP into educational curriculum [Paudell & Kalla,
2016] whether it be courses on 3DP skill development or teaching through
artefacts the STEM subjects. Additional attention has to be given on this topic.

SUMMARY

From the above discussions, we have come to know about the different
initiatives that has been taken to integrate AM technology into educational
curriculum. We have discussed about the various challenges and hurdles
towards achieving this integration and how are they tackled in different
universities and schools. The chapter begins with its first section dedicating
to a few commonly used AM technology, their feasibility and safety issues.
The main issue with integrating AM in education has been found which does
not limit to the capability of the technology but also extends to the IQ (design
thinking) level of the educators and how are they able to cope up with the
modern technology. A number of initiatives to integrate this technology had
already been successfully accomplished in different schools and universities
with the aim to give students exposure to AM technologies by self designing
models and artefacts that help elevate the understanding of the STEM subjects.
Moreover, different design procedures, computational skills and design
innovations are also being taught to the students and educators for their own
design needs. After attending workshops on AM, science, mathematics and
history educators can build their own miniature artefacts of their interest
to explain their subject to the students in a more systematic and interactive
way. It also enables the students to understand complex geometries, micro
organisms, cellular structures and ancient historical artefacts that are too
hard to imagine and visualize under normal circumstances. In concerning
departments of science and technology, students were given a full-fledged
course structure concentrating on the different CAD design procedures, file
formatting, file transfer, fabricating using AM techniques and post processing
which elevates knowledge and hands in experience of the students. Some
other advantages of AM technology applications in universities and schools
are fabrication of artefacts and models for visually, cognitively and motor
impaired people which enables them to understand subject in mathematics,
science and history by physically touching and feeling the specimen.
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ABSTRACT

Additive manufacturing (AM) builds intricate parts from 3D CAD model data
insuccessive layers. AM offers several advantages and has become a preferred
freeform fabrication, processing, manufacturing, maintenance, and repair
technique for metals, thermoplastics, ceramics, and composites. When using
laser, it bears several names, which include laser additive manufacturing,
laser additive technology, laser metal deposition, laser engineered net shape,
direct metal deposition, and laser solid forming. These technologies use a
laser beam to locally melt the powder or wire and the substrate that fuse
upon solidification. AM is mainly applied in the aerospace and biomedical
industries. Titanium (Ti) alloys offer very attractive properties much needed
in these industries. This chapter explores AM applications for crack repairs
in Ti alloys. Metal cracking industrial challenges, crack detection and repair
methods, challenges, and milestones for AM repair of cracks in Ti alloys are
also discussed.

DOI: 10.4018/978-1-5225-9167-2.ch004

Copyright © 2019, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

EBSCChost - printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww. ebsco.coniterns-of -use


https://orcid.org/0000-0003-2268-5867

EBSCChost -

Additive Manufacturing for Crack Repair Applications in Metals

INTRODUCTION

The 1737 Tsar Bell cracking incident is a paradigm that metal cracking is
a perennial metal industry challenge (Mann, 2011). It was only after two
decades during the World War II (1939-1945) that the cracking of metals
became a subject of scientific research after hydrogen cracking related
failure caused unbearable costs in the metal industry (Hart, 1999). Since
then, there has been growing research in the field of metal cracking which
include crack detection, classification, propagation, and repair techniques
(Dexter, et al., 2013; Kumar, 2009; Locknstitch-Inc; Marazani, Madyira, &
Akinlabi, 2017; Hashemite-University). Mechanical, chemical, thermal and
metallurgical effects or combined effects were realised to be the main sources
of crack initiation and propagation. Unattended crack propagation can result
in complete fracture which leads to loss of function or failure, violates safety
practice requirements, can lead to injuries and death, increased downtime
and operational costs (Callister, 2007; Young, Budynas, & Sadegh, 2012).
Research studies on metal cracking recommended the immediate arrest of
cracks upon detection before they grow and propagate to fracture. Of the
many developed crack repair technologies, laser additive technology (LAT)
has increasingly become the most preferred advanced, quick, time saving,
economic, and customizable component repair technique in industries where
net shape results are required (Marazani, Madyira, & Akinlabi, 2017). LAT is
an automated technique, which directly converts 3D CAD data into functional
components, which are built layer upon layer via a material deposition process
(Mahamood & Akinlabi, 2017; Stucker, 2015). The technology focuses its
laser beam on the target surface locally melting the deposited material in either
wire or powder form and the base material, which then fuse together upon
cooling and solidification producing net shape results with no need for tooling,
milling or post machining. Further, LAT can build complex geometries, is
a fast process capable of producing a smaller heat affected zone (HAZ) and
dilution zone (DZ), all unattainable by conventional means. These features
or benefits have made LAT find wide use in the aerospace industry for the
built-up and repair of high performance, high value critical parts and in the
biomedical industries for free-form fabrication of medical implants. These
industries extensively use titanium and its alloys, particularlyTi-6Al-4V due
to its very attractive attributes. The application of LAT for repair of cracks
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in metals is a recent success with victory only registered in wider and Vee
shaped cracks. Very few and recent failed research attempts to extend the
application of LAT onto the repair of narrow rectangular cracks in metals is
in the public domain. This has been faced with challenges associated with
groove inaccessibility, powder impedance, lack of sidewall laser irradiation,
lack of intralayer and interlayer fusion, entrapped unmelted powders and
porosity that all affected the integrity of the repaired substrates. Only very
recently, were successful attempts on this subject made on Ti alloy components.
The current book chapter seeks to explore AM crack repair applications in
Ti alloys. The following sections present a brief background on additive
manufacturing, laser additive manufacturing, its advantages, applications,
challenges and the breakthroughs made in its applications on the repair of
narrow rectangular cracks in Ti alloy components.

ADDITIVE MANUFACTURING

Additive Manufacturing (AM) is a process wherein digital 3-dimensional
model data is used to build up components in successive layers through
material deposition contrary to subtractive techniques like machining
(Mahamood, Akinlabi, Shukla, & Pityana, 2014; Mahamood, Akinlabi,
Shukla, & Pityana, 2013; Ahuja, Schaubb, Karga, Lechnerb, & Merkleinb,
2014; Klahn, Leutenecker, & Meboldt, 2014; ASTM-International, n.d.;
Sinha, n.d.). Areas where AM finds applications have remarkably increased
in the past decade. AM now allows for both complete design and industrial
revolution, in the aerospace, chemical, energy, automotive and transportation,
medical (biomedical implants), tooling (plastic processing), and consumer
goods industries (European-Powder-Metallurgy-Association, 2015).

According to (European-Powder-Metallurgy-Association, 2015), AM
offers numerous advantages, which include:

e Increased design freedom as compared to conventional casting and
machining.

Capability of producing near net shape and net shape results.

Ability to produce intricate parts of complex geometry.

No tools needed, unlike in subtractive technologies.

Fast method capable of producing complex shapes in a shorter time
compared to traditional machining, moulding or forging.
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There exist numerous AM technologies and to date, a wide range of
terms and acronyms are in use. The terms, 3D printing, rapid prototyping or
rapid manufacturing, or freeform fabrication or solid freeform fabrication,
laser beam melting, direct energy deposition or direct metal deposition are
used in exchange with Additive Manufacturing which is the most popular
term (Marazani, Madyira, & Akinlabi, 2017; European-Powder-Metallurgy-
Association, 2015). AM technologies that use laser as their energy source
are called laser additive manufacturing (LAM) processes (Mahamood &
Akinlabi, 2017). Laser is an acronym for light amplification by stimulated
emission of radiation (Ahsan, 2011; Majumdar & Manna, 2003; Cottam,
2012). Laser is a lucid, confluent monochromatic electromagnetic radiation
beam, which propagates linearly with minimal divergence and occurs at
various wavelengths, energy and beam-configurations with numerous fields
of applications (Majumdar, Laser Gas Alloying of Ti-6Al-4V, 2011).

Laser Additive Manufacturing (LAM)

InLAM, parts are builtin successive layers by sharply focusing the collimated
laser beam together with the shielding gas assisted powder onto the substrate
(Kobryn & Semiatin, 2002). Both the powder and the substrate are melted at
once, and upon cooling and solidification form the component predefined by
the CAD data information (Mahamood, Akinlabi, Shukla, & Pityana, 2014;
Mahamood, Akinlabi, Shukla, & Pityana,2013; Pityana, Mahamood, Akinlabi,
& Shukla, 2013). LAM is also known as laser metal deposition (LMD), laser
engineered net shape (LENS), direct metal deposition (DMD) or laser solid
forming (LSF) (Yu, Rombouts, Maes, & Motmans, 2012).

Advantages of Laser Additive Manufacturing (LAM)

LAM presents numerous advantages in materials and components processing,
manufacturing, maintenance and repair. Its ability to produce less heat enables
itto yield a smaller heat affected zone (HAZ) and a smaller dilution zone (DZ)
which offers minimum distortion and less thermal damage in the substrate
(Graf, Gumenyuka, & Rethmeiera, 2012). This enables safeguarding of both
the metallurgical and mechanical integrities of the built or repaired parts. LAM
enables building of new components with no need for tooling (Mahamood,
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Akinlabi, Shukla, & Pityana, 2013; Farayibi, Abioye, Murray, Kinnell, & Clare,
2015). Parts of complex geometry mostly unattainable through conventional
means are easily built using LAM. The technology is a good contender
for the processing of functionally graded materials (Mahamood, Akinlabi,
Shukla, & Pityana, 2013; Pityana, Mahamood, Akinlabi, & Shukla, 2013).
Compared to traditional manufacturing processes which generate scrap and
are energy intensive, LAM is very economic (no material loss), capable of
producing net shape results, and is a very fast process and hence an energy
serving technology (Mahamood, Akinlabi, Shukla, & Pityana). Further,
LAM can effectively process metal matrix composites (MMCs), remarkably
reduces the raw material to actual aerospace part ratio and consequently their
production time, two factors which are key to cost reduction (Rottwinkel,
Nolke, Kaierle, & Wesling, 2014). The ability of LAM to build components
of complex geometry reduces parts assemblies and this helps in reducing
aircraft weight (Mahamood, Akinlabi, Shukla, & Pityana, 2013; Pityana,
Mahamood, Akinlabi, & Shukla, 2013).

Applications of Laser Additive Manufacturing

LAM has gained prominence in the biomedical and aerospace industries
owing to its flexibility and cost saving nature (Ahsan, 2011). LAM finds
applications in the building of functional prototypes, FGMs, fabrication of
short-run components, repair of worn out parts, subtractive and additive
manufacturing, joining, cutting, powder metallurgy, and surface coating for
improved wear and corrosion resistance (Kobryn & Semiatin, 2002; Pityana,
Mahamood, Akinlabi, & Shukla, 2013; Akinlabi, 2015; Baloyi, Popoola,
& Pityana, 2014). LAM also finds use in the manufacture and repair of
airplane wings, landing gears, engine turbines blades and body parts (Baloyi,
Popoola, & Pityana, 2014; Titanium Company, 2014). LAM has been used
for manufacturing and repair of titanium (Ti) alloy components (Kobryn &
Semiatin, 2002). T alloys are highly biocompatible and many medical implants
are LAM manufactured. Ti medical implants find wide applications in the
biomedical industry (Mahamood, Akinlabi, Shukla, & Pityana, 2014; Baloyi,
Popoola, & Pityana, 2014). In the medical field, LAM can be used to build
skeletal implants and dental fixtures. LAM has also been widely used for
commercial alloy powders, carbides and intermetallics deposition (Akinlabi,
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2015), particulate reinforced metal matrix composite (PR-MMC) coatings,
and in high quality alloying (Ahsan, 2011). LAM was applied for Titanium
Matrix Composites (TMCs) (Mahamood, Akinlabi, Shukla, & Pityana).

LASER ADDITIVE MANUFACTURING
FOR METAL CRACK REPAIRS

In the recent years, LAM has gained extended use in the repair of cracks in
high performance and critical metal components, mainly in the aerospace
industry where net shape results are a strict requirement. There have been an
increasing number in the conducted research studies on this subject though
it still remains rarely studied. The few available studies primarily focused on
stainless steel and Ti alloys. The challenges and milestones of this subject
area, including own work with the obtained results is presented and discussed
in this section.

Laser Additive Manufacturing Crack Repair
Applications in Ti Alloy Components

Graf et al (Graf, Gumenyuka, & Rethmeiera, 2012) investigated the use of
LAM for metal cracks repair. The authors used the V, U and the top open
U-slots as shown in Figure 1. The choice of the groove depth was made under
the assumption that intolerable defects extend not deeper than 10 mm.

The repair process was conducted using a 5-axis TRUMPF TruDisk 2.0
kW Yb:Yag laser machine with a 3-jet powder nozzle. Helium 5.0 and argon
5.0 were used as carrier and shielding gases respectively, at below 50 ppm
oxygen. Powder grain sizes ranging between 45-125pm were used. Table 1

Figure 1. From left to right: V; U and top open U-slots
Source: (Graf, Gumenyuka, and Rethmeiera, 2012)
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Table 1. LAM process parameters for the V, U and top open U-slots

Deposition Parameters (i) (i)
Weld speed 0.5 m/min 1 m/min
Laser power 2kW 1 kW

Laser spot size 2.2 mm 1 mm
Powder flow rate 9.4g/min 3.8 g/min

(Graf, Gumenyuka, & Rethmeiera, 2012)

presents the parameters used. The parameters were applied to each of the
three groove geometries. For both materials, the V and U-slots with open
top angle sidewalls allowed better powder delivery and accessibility. The
V-slotted repaired plates were examined using X-ray diffraction and showed
better sidewall fusion although lack of sidewall fusion and unmelted powders
were evident at the bottom sharp edges shown in Figure 2.

The cross-section of the U-slot shown in Figure 3 (a) showed lack of
sidewall fusion defects, which resulted from groove inaccessibility challenges
since the laser beam could not be adjusted perpendicular to the sidewalls. It
also shows cavities created by the irregular deposits. This further resulted in
irregular sidewalls material deposition. Instead of being deposited within the
groove, most of the powder was impeded on the upper lip of the slot creating
irregular powder streams on groove sidewalls. Suggestions were made to
widen the U-grooves or create inclines for uniform powder deposition and
for successful implementation of the technique as shown in Figure 3 (b). The

Figure 2. LAM repaired stainless steel and Ti-6Al-4V substrates
Source: (Graf, Gumenyuka, & Rethmeiera, 2012)
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Figure 3. Left (a) U-groove; Right (b) 5° U-groove top open sidewalls
Source: (Graf, Gumenyuka, & Rethmeiera, 2012)
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authors concluded the attempts to use LAM for repair of narrow U-slots as
unsuccessful.

Rottwinkel et al. (Rottwinkel, Nolke, Kaierle, & Wesling, 2014) further
studied V-grooves LAM repair of single-crystal (SX) cracks. The obtained
results showed cracked sections of the repaired substrates as shown in Figure
4. Cracks were more visible in deposits made without preheating and attempts
to eliminate them by preheating were fruitless. The repaired samples were
analysed using scanning electron microscopy (SEM) which exposed the
cracks as shown in Figure 5. The authors concluded that their AM research

Figure 4. Cracks on LMD repaired grooves without preheating
Source: (Rottwinkel, Nolke, Kaierle, & Wesling, 2014)

Cracks on LMD clads
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Figure 5. Cracks detected by SEM analysis
Source: (Rottwinkel, Nolke, Kaierle, & Wesling, 2014)

Cracks on LMD clads

work was unsuccessful since the repaired substrates had cracks. They further
recommended optimization of the key LAM parameters for improved results.
Studies by Pinkerton et al, (Pinkerton, Wang, & Li, 2008), used diode
laser direct metal deposition for repair of cracks in the form of rectangular
and V-slots on H13 steel components. Results obtained revealed porosity
defects on both slots. Lack of vertical sidewall fusion was noticed on the
vertical sidewalls of the rectangular slots. The lowest points of the V-slots
had the highest porosity, which increased with increased laser power and
powder delivery. Figure 6 shows the micrographs of the repaired substrates. In
other studies of LAT applications to the repair of Inconel 718, (Chen, Zhang,
Huang, Hosseini, & Li, 2016), liquation cracks propagating from the top to
the bottom weld were found to form during the deposition process closer to
the weak fusion zone-heat affected zone interface. Successful repair of wider
cast iron cracks of V-slots (10 mm top gap and 3 mm deep) truncated at the
bottom to avoid sharp edges which normally serve as porosity pockets in full
V-slots was reported by Yuetal., (Yu, Choi, Shim, & Park,2018). The repaired
substrates were defect free and showed enhanced mechanical properties. The
wider slot allowed for easier accessibility as opposed to narrow slots.
Cracking challenges were noted during laser additive repair of 316L stainless
steel of truncated V-slots (10 mm wide on the top base and 5 mm deep) by
Sun et al., (Sun, et al., 2019). It was only through careful optimization of
process parameters that defect-free welds were achieved. The 10 mm grooves
were wider, which allowed easier groove accessibility. Cracking and porosity
have been the major challenges to the many attempts made to use LAM for
repair of cracks in metals, (Zghair & Lachmayer, 2017; Barr, et al., 2018).
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Figure 6. Cracks detected by SEM analysis
Source: (Pinkerton, Wang, & Li 2008)

In all the consulted studies, no breakthrough was made in the repair of
narrow rectangular metal cracks and V-slots of breadth less than 10 mm. In
the present work, focus was put on establishing how to successfully repair
3.5 mm and 2.5 mm cracks of rectangular cross-section. The section that
follows presents the method used and its noted challenges.

Difficulties for LAM Repair of Narrow-Slot
Cracks in Titanium Alloy Substrates

The researchers investigated LAM repair of rectangular grooves (cracks) of
sizes 2.5 and 3.5 mm, both 5 mm deep and 60 mm length. Wire electrical
discharge machining (WEDM) was used to machine the slots. The parameters
used during the preliminary laser additive repair process are shown in Table 2.

The LAM repair process was carried out at the Council for Scientific and
Industrial Research National Laser Centre (CSIR NLC) in Pretoria, South
Africa. The 3 kW Nd-YAG Roffin laser with a Kuka robot attachment, used
for the experimental work is shown in Figure 7.

Ti-6Al-4V powder of diameters 45 to 90um and 99.6% purity was used
in the study. Argon was used as the shielding gas and before the deposition
process, acetone was used to clean the substrates for better laser absorptivity.
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Table 2. Preliminary LAM crack repair process parameters

Parameters

i i Deposition LB L Ronyes s Laser Scannin;
Sample Designation P T Spot Feed Flow 2
Iy Power Size Rate Rate RETEE | Siree
Power (kW) Runs min)

(kW) (mm) rpm (I/min)

2.5 mm Crack: Focal Distance: 179 mm

S1 2.4 None 2 2 10 None 2.5
S2 1.8 None 2 2 10 None 2.5
S3 2.8 None 2 2 10 None 2.5

3.5 mm Crack: Focal Distance: 197 mm

S4 2.8 2.8 3 2 10 1 2

S5 1.8 1.8 3 2 10 1 2

Work was clamped on the working table and the repair process with four
replicates followed the process parameters summarized in Table 2, resulting
in an overall of twenty welds being made.

Physical Observed Deposition Difficulties

The main challenges included groove inaccessibility of the narrow slot,
deposited bead sizing, top groove powder impedance and irregular sidewall
powder delivery. It was noted that the deposited beads were broader than
the grooves irrespective of them having been produced by spot sizes smaller
than the slots. The 2 mm spot size generated an averaged 2.4 mm bead width
while the 3 mm spot size produced a 3.4 mm bead width. These could not be
completely deposited into the cracks (grooves) and instead were irregularly
impeded on the top lips of the grooves creating bridges, which left full sample
length tunnels or cavities. Processes done without remelt run were observed
to bear macro voids with lack of bonding between the deposited interlayers.
The preliminary matrix samples S4 and S5 samples were both given a single
remelt run on the top most layers to investigate the effects that remelt could
have to the repairs made. It was observed that the top band was melted and
produced a smooth fuse between the deposited material and the top surface of
the substrates. The reheat effect from the remelt process showed insignificant
effects to the subsequent deposited bands, which remained visibly unfused
and defective.
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Figure 7. 3 kW ND-YAG Roffin laser attached with a Kuka robot

Metallographic Sample Preparation and Characterization

This was performed at the University of Johannesburg Metallurgy laboratory.
Sample preparation was done as outlined by Struers (Struers, 2015) and Taylor
and Weidmann (Taylor & Weidmann, 2015). The repaired samples were
examined for defects using optical microscopy (OM). Optical images of the
S-samples are shown in Figure 8. All the samples showed lack of sidewall
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Figure 8. Optical images of the preliminary repairs at magnification of x1.6

fusion to the extent of exposing the original WED machined rectangular
grooves. This was a confirmation of lack of vertical sidewall laser irradiation
on the vertical walls of the narrow grooves. Also evident in the optical images
was lack of interlayer fusion, which clearly exposed boundaries between the
deposited layers. The single remelt run given to S4 and S5 was observed
on the macrographs to have slightly eliminated lack of sidewall fusion at
the few top layers of the deposited material. This indicated the potential of
controlled laser remelt technique to successfully repair narrow rectangular
cracks in the Ti substrates.

LAM Successes in Narrow Slots Crack Repair
Applications in Ti Alloy Substrates

From the experimental observations made during the preliminary work
together with the results reflected on the optical images, further careful
selection of parameters was made out of which a multi-track laser remelt
crack repair technique was developed using the controlled laser re-melt matrix.
The technique was carried out at controlled parameters, mainly laser power,
focal length, spot size, powder feed rate and scanning speed. The repaired
substrates were characterized through OM and SEM. Table 3 shows the
controlled matrix presented with its summary of the parameters used for the
repair process. Each set of parameters had 4 replicates, thus yielding a total
of 20 welds that were made out of the whole matrix.
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Table 3. Controlled laser re-melt matrix

" Re- Gas
Deposition Laser Laser
Heat Powder Flow Bead Bead Re- . . Number
Sample Spot ) ) . Scanning | Deposition
Label Di 4 Delivery Rate Width | Height heat Speed Track of Weld
abel iti iameter eel racks
Laser Deposition (rpm) w (mm) (mm) Runs 1% . Runs
Power (kW) (mm) min) (m/min)
2.5 mm Crack: Focal Distance: 179 mm
22 - 1.3 4 10 1.75 0.60 - 2 10
Tl 5
- 22 1.3 - 10 - - 5 2 -
1.5 - 1.3 4 10 1.9 0.78 - 2 8
T2 5
- 2.8 1.3 - 10 - - 2 2 -
1.5 - 1.3 3 10 1.8 0.71 - 0.5 9
T3 5
- 1.8 1.3 - 10 - - 5 0.5 -
3.5 mm Crack: Focal Distance: 197 mm
1.5 - 22 3 10 2.7 0.69 - 0.5 9
T4 5
- 1.8 22 - 10 - - 5 0.5 -
1.5 - 22 4 10 2.9 0.8 - 0.5 8
TS 5
- 2.8 22 - 10 - - 1 0.5 -

There were not many changes effected to the laser powers in the new matrix
except for the controlled laser remelt runs, reduced laser spot size, increased
powder feed rate and the reduced scanning speed. Geometrical studies of the
deposited bead width for the 2.5 mm crack, showed the need to reduce the laser
spot size to 1.5 mm to achieve a deposit bead that could be deposited within
the 2.5 mm groove without powder impedance challenges. This was arrived
at after a series of experimental deposition trials on slot-free plate surfaces.
The resulting bead widths were measured for every corresponding spot size
and it was observed that the 1.3 mm spot size was the most suitable as it
yielded bead widths ranging from 2.25 to 2.4 mm which could fit well within
the 2.5 mm groove for samples T1, T2 and T3, whose sets of parameters are
shown in Table 3. Key changes made on the controlled laser re-melt matrix
included the increase in powder feed rate and a significant reduction of the
laser scanning speed.

Bead height was also measured to ascertain the total number of deposition
layers required and consequently to complete the design of the remelt process.
T1 had a bead height of approximately 0.60 mm made by a single track.
This arrived at a design of 10 tracks with laser remelt or reheat treatments
being introduced after every 2 tracks until completion and this amounted to
a total of 5 laser remelt or reheat treatments. A single deposition track on
sample T2 produced a bead height of approximately 0.80 mm, from which
8 tracks were made to fill up the groove. Laser remelt or reheat treatments
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were introduced after every 4 tracks until completion and this amounted to a
total of 2 remelt treatments. Sample T3 had a bead height of approximately
0.70 mm made from a single deposition track, from which 9 tracks were
made to fill up the groove and remelt treatments were introduced after every
2 tracks until completion and this amounted to a total of 5 laser remelt or
reheat treatments. It was observed that every re-melt treatment resulted in
higher heat input, which collapsed the impeded deposits and produced denser
deposits which showed improved intralayer, interlayer and sidewall fusion.
The remelt treatments were made by varying laser power and the number of
remelt runs to check their effects on defect reduction. The scanning speed
was reduced to allow more time for the laser beam to melt the powder and
the substrate. Samples T4 and TS had 3.5 mm cracks and were repaired at a
laser spot size of 2.2 mm. T4 yielded a bead width of 2.8 mm and a height
of 0.70 at powder feed rate of 3 rpm and a scanning speed of 0.5 m/min for
a single track. A total of 9 tracks and 5 re-melt tracks were made. T5 yielded
a bead width of 3.0 mm and a height of 0.8 mm, at a powder feed rate of 4
rpm and a scanning speed of 0.5 m/min for a single track. A total of 8 tracks
and 1 top surface re-melt track were made.

Metallographic sample preparation was performed in the same way as in
the preliminary investigations. T2 and TS5 macrographs (Figures 9 and 10)
show presence of lack of sidewall and interlayer fusion at the bottom where
the WED machined rectangular grooves are still visible. The defects became
more pronounced from the middle portions towards the bottom layers. This
suggested the positive effects of the remelt technique that was used for these
samples applied on the top layers but could not have significant effect to the
subsequent layers.

Figure 9. T2 sample micrographs, taken at 5x magnification
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Figure 10. T5 sample micrographs, taken at 5x and 50x magnification

The optical images of the T1, T3 and T4 repaired substrates are shown
in Figures 11 through to 13 where they are observed to show densely fused
repaired substrates with dendritic macroscopic bands that sink in the direction
of the heat flow, which is a sign of superior mechanical attributes. They
show defect free clads dominated by fine martensitic, Widmanstéitten basket
weave structures, fine acicular grains and thick rectangular prior beta grains
running normal to the plate. These are common features of well-conducted
high-energy processes and in this case effects of the remelt treatments.

The defect free samples T1, T3 and T4 were further subjected to SEM
analysis to ascertain absence of defects at higher resolution. The samples
were analyzed using SEM at beam electron energy of 20 kV and at 500x
and 1000x magnifications. The selected spectra represented the top central,

Figure 11. T1 sample micrographs, taken at 5x and 10x magnification
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Figure 12. T3 sample micrographs, taken at 10x and 20x magnification

Figure 13. T4 sample micrographs, taken at 20x and 50x magnification

middle, left and right side and the bottom regions of the welds. The SEM
images of T1, T3 and T4 are shown in Figures 14-16 respectively.

From the SEM micrographs, it can be seen that the microstructure of
T1 and T3 look very similar. They are generally both characterized by o+
phases with the domes (top central regions) dominated by prominent acicular
a-plates, basket weave a+f3 and martensitic a+f} structure. Acicular a-plates
were also present in the bottom section of T3. Finer basket weaves o+
phases, martensitic a+f, and Widmanstitten structures can be observed in
the other sections of both samples. The fusion zone of T3 is characterized
by columnar prior  grains, which continued down to the bottom section of
the sample. SEM analysis could not pick any defects for both T1 and T3.
The finer and homogeneous structure on the rest of the sections of the two
samples suggest good mechanical properties.
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Figure 14. TI SEM images

SEM HV: 20.0 kV WD: 15.49 mm | A VEGA3 TESCAN
SEM MAG: 500 x Det: SE 100 pm
View field: 415 pm WD: 15.49 mm Performance in nanospace

SEM images of defect free sample T4 (Figure 16) are dominated by § phases.
For this sample, excellent tensile strength and hardness are both expected to
be achieved through the noted f phase distribution as suggested by previous
studies (Heng, Qingbin, & Yaole, 2015). The SEM images show complete
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Figure 15. T3 SEM images

SEM HV: 20.0 kV WD: 15.32 mm VEGA3 TESCAN
SEM MAG: 500 x Det: SE

View field: 415 pm A WD: 15.32 mm Performance in nanospace

fusion of the deposited bands into the substrate. It can be noted from the T4
SEM images that it is even difficult to distinguish between the deposited
layers and the substrate as they all fused perfectly and are so homogeneous
with finer basket weave and acicular alpha plates.
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Figure 16. T4 SEM images

SEM HV: 20.0 kV WD: 15.55 mm l | VEGA3 TESCAN

SEM MAG: 1.00 kx Det: SE 50 pm
View field: 208 pm WD: 15.55 mm Performance in nanospace

FUTURE DIRECTION OR IMPROVEMENTS

Future studies should look at, but not be limited to, mechanical testing (tensile,
Charpy impact and microhardness) and chemical testing (energy dispersive
spectroscopy, corrosion and wear) on the repaired substrates. There is also a
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need to perform simulations to validate the parameters that experimentally
produced defect free T1, T3 and T4 samples. It is further suggested that the
repair technique used in this study be extended to in-service components for
further validation.

CONCLUSION

The developed laser remelt or reheat crack repair technique successfully
repaired narrow rectangular cracks in Ti alloy components. It eliminated the
challenges of groove inaccessibility, powder impedance, irregular powder
delivery, lack of sidewall laser irradiation, lack of intralayer and interlayer
fusion, entrapped unmelted powders, unmelted powders and porosity defects.
The repaired substrates were examined for defects using OM and SEM
analyses and were found to be defect-free with homogeneous clads. From
the conducted work, the following conclusions can be drawn as key behind
the successful repair of narrow rectangular cracks in Ti alloy components:

e Laser spot size-to-slot width ratio, of not more than 0.6 improved
powder delivery and groove accessibility, since it produced beads
which could fit within the narrow rectangular grooves.

e Low laser scanning speed allowed better thermal interaction time
between the laser beam and both the powder and the substrate, thus
eliminating unmelted powders.

e  Laser re-heat or re-melt treatments enhanced heat input and melting
on both the deposited bands and the vertical sidewalls, collapsing the
impeded and irregular depositions, dissipating heat in all directions,
thereby eliminating lack of vertical sidewalls laser irradiation, lack of
intralayer and interlayer fusion, homogeneously fusing the deposited
material with the substrate.

e Repaired slots became more homogeneous and defect-free with
increased laser re-heat or re-melt treatments at 1 re-heat or re-melt
treatment per every 2 deposition runs.

e  Bestresults were achieved using laser deposition power of 1.5 kW and
laser re-heat or remelt power of 1.8 kW, at laser scanning speed of 0.5
m/min, and 5 remelt runs, each made after 2 deposited runs.
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ABSTRACT

In recent decades, vascular surgery has seen the arrival of endovascular
techniques for the treatment of vascular diseases such as aortic diseases
(aneurysmes, dissections, and atherosclerosis). The 3D printing process by
addition of material gives an effector of choice to the digital chain, opening
the way to the manufacture of shapesand complexgeometries,impossible
to achieve before with conventional methods. This chapter focuses on the
bio-design study of the thoracicaortain adults. A bio-design protocol was
established based on medical imaging, extraction of the shape, and finally,
the 3D modeling of the aorta; secondly, a bio-printing method based on 3D
printing that could serve as regenerative medicine has been proposed. A
simulation of the bio-printing process was carried out under the software
SimufactAdditivewhosepurposeistopredictthedistortionandresidualstress
of the printed model. The binder injection printing technique in a Powder
Bed Printer (PBP) bed is used. The results obtained are very acceptable
compared with the results of the error elements found.
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INTRODUCTION

Rapid prototyping was introduced in the early 1980s and applied by the
manufacturingindustrytodesigncomponentsforvariousproductsincluding
automotive, maritime and aerospace (Laschinger etal., 1998; Dekker DL et
al., 1974).Fortheseindustrialapplications,rapid prototypinghasbeenutilized
to assess the ease of future product assembly and evaluate the feasibility
of developing newly designed products prior to mass production (Olivieri
L, 2013). In medicine, 3D printing from radiological images to replicate
anatomical structures was initially used in orthopedic and plastic surgery
(Laschinger et al., 1998; Estevez ME, 2010). The software was later adapted
toaccommodateCTand CMRdatasetsforrapid prototyping of cardiovascular
structures. More recently, high-resolution cardiacimaging has ushered in
anerawhererapid prototyping or 3D printing of congenital heartdiseaseis
more feasible (Greil GF, 2007). 3D printed cardiac models can enhance the
managementofpatientsbyimprovinginterventionalandsurgicalplanningand
perhapsleadtoindividualized device deployment targeting specific cardiac
defects (Hoyeketal., 2009; Guillot A, 2007).Typically, high-resolution cross-
sectional CTand CMR are used as the source datasets to derive whole heart
3D printed models (Jacobs S, 2008; Olivieri L, 2014). 3D printing derived
from 3D echocardiographicimagingis also feasible and accurately reflects
cardiacmorphology, albeitfocusingonone part of theanatomy (Samuel BP,
2015; Olivieri LJ, 2014). The integration of multiple imaging modalities for
hybrid 3D printing is an additional technique which can be used when one
modality is insufficient to give a complete picture of the pathology (Kurup
HKN, 2015; Gosnell J, 2016). 3D printed models have been extremely
appealing especially for preoperative planning of avariety of cases. Models
have been printed onone handto help doctorsfully understand anatomical
detailsand spatial relationship between structures, therefore contributing to
improved knowledge andtraining for certain treatments (FarooqiKM, 2015;
Guillot A, 2007), and on the other to more effective communication with
patients and their families (Hoyek et al., 2009).

This chapter describe the fundamentals of patient specific modeling
for cardiovascular application, including 3D printed and computational
analyses. The chapter focuses mostly on cases of thoracic aorta disease
(TAD). Particularly focused on the bio-design study of the thoracicaortain
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adults. Abio-design protocol was established based on medicalimaging. A
bio-printingmethod based on 3D printing that could serve asregenerative
medicine has been proposed. A simulation of the bio-printing process was
carried outunderthe software Simufact Additive whose purposeisto predict
the distortion and residual stress of the printed model.

RAPID PROTOTYPING IN BIOCONCEPTION

Rapid prototyping broadlyindicates thefabrication of athree-dimensional
(3D) model from a computer-aided design (CAD), traditionally built layer
by layer according to the 3D input (Laoui, T, 2003). Rapid prototyping
has also been indicated as solid free-form, computer-automated or layer
manufacturing (Rengier, F,2008).The development of this techniquein the
clinical world has been rendered possible by the concomitant advancesin
all its three fundamental steps:

1. Medical imaging (data acquisition),

2. Imageprocessing(imagesegmentationandreconstructionbymeansof
appropriate software),

3. Rapid prototyping itself (3D printing).

These steps are visually summarized in (Figure 1).

From left to right: data acquisition in this case with magnetic resonance
(MR)imaging,image processing, 3D volumereconstructionwithappropriate
softwareandfinal 3D modelprintedinatransparentresin.Theaboveexample
(aortic arch of a pediatric patient (Rengier, F, 2010).

The development of biological and anatomical models was one of the
firstand most important factors that helped introduce rapid prototyping

Figure 1. Stage of rapid prototyping in a clinical setting
Source: (Rengier, F, 2010)
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technologiesintothe biomedicalfield. These models are usually customized,
according to the patient orfield of study, to assist pathology diagnosis and
subsequentdecisionsregardingsurgery,pharmaceuticaltreatmentororgans
replacements.In many cases, having physical prototypes thatreproduce the
morphology of patients’internal organsis particularly useful for considering
lateractions,astheprototypesoftenprovideinformationthatismorevaluable
andeasiertointerpretthanimagesproducedbyconventionalmedicalimaging
technologies. The use of anatomical models or the implementation of bio
printingwithreplicasoforgansandtissues produced usingrapid prototyping
and manufacturing technologies has made the tests more realistic and
improved the final results (Andres Diaz Lantada, 2012). The implications
of such anatomical modelsin diagnostic tasks are remarkable, as discussed
in Section results and discussion.

Image acquisitionisthe mostimportant stepin the process of creatinga
virtual modeltobe usedto printa physical model. Asignificantdeterminant
in patientselectionfor 3D printingis the availability of high-qualityimages.
Currently, theimaging modalities used toderive 3D printed modelsinclude
cardiac CT, CMR, and both 3D TEE and TTE. Each imaging modality has
different strengths and weaknesses thatimpact the qualityand accuracy of
the 3D printed model (Kurup HKN, 2015). The visualization of extracardiac
anatomy and “blood pool”imaging is enhanced by CT (Goitein O, 2014).

PATIENT SELECTION AND IMAGE ACQUISITION

Aortic pathologiesare numerous, presenting manifestations are varied,and
aorticdiseasespresenttomanyclinicalservices,including primary physicians,
emergency department physicians, cardiologists, cardiac surgeons, vascular
surgeons,echocardiographers,radiologists,computedtomography(CT)and
magnetic resonance (MR) imaging (MRI) imagers, and intensivists. Many
aorticdiseases manifestemergently and are potentially catastrophicunless
suspected and detected promptly and accurately. Optimal management of
these conditionsdependsonthereportedfindingsfromahandfulofimaging
modalities, including echocardiography, CT, MRI, and to a lesser extent
invasive aortography.
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Computed Tomography (CT)

ComputedTomography(CT)iscurrentlythemostwidelyemployedtechnique
forthe study ofthethoracicaorta.Fastscanningachieved withthe newwide
area detector, low artifact sensibility due to fast velocity tube rotation and
24-houravailabilityintheemergencyroomsare the mainadvantages of CT
usageinthe medical practice (BrennerDJ,2007; DiCesareE,2012).The new
generation CTs show sensitivities up to 100% and specificities of 98-99%,
allowingthepossibilitytoevaluatetheentireaortaincludinglumenandwall,
the possiblethromboticappositionandthe peri-aorticarea.ldentification of
anatomic variants is also possible (Figure 2), as well as distinction among
acute syndromes.

Theacquisitions require quite shorttimesand nowadays they arealmost
universally available (Olivieri L, 2013; Estevez ME, 2010). Sixteen and
wider row detectors provide isotropic pixels, mandatory for the ineludible
longitudinalreconstruction.Nevertheless,inthethoracicareathe ECG-gated
techniqueis strongly suggested to avoid the evidence of false positive flap
due to high pulsatility of the root and ascending aorta. Thanks to the ECG-
gatedtechnique,itis possible to performthekineticevaluation of the aortic
leafletsandisusefultoassessthevalvefunction.Unfortunately,theECG-gated
techniqueincreasestheacquisitiontimeaswellas the breath-hold required.

Figure 2. CT showing the anomaly of the right subclavian artery (arrow) with an

evident retroesophageal course (also called lusory artery)
Source: (Brenner DJ, 2007)
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Magnetic Resonance Imaging (MRI)

Magneticresonanceimaging hasgreat potentialin the study of the thoracic
aorta. However, compared to CT, acquisition times remain longer and
movementartifactsusceptibility higher (DiCesare E,2013; DiCesare E,2001).

Differenttechniquesare presently usedinthethoracicaortastudies.Both
ECGgatedandungatedsequencesareemployed.Theemploymentofcontrast
media still represents a controversial issue.

The mostcommon acquisition modality is the breath hold 3D Fast SPGR
ungated sequencesobtainedafterparamagneticcontrastmediuminjection.
Thisisaquitefastacquisitionobtainedusingaspoiledgradientechosequence
withmultiple k-spaceline simultaneousacquisition.Shorter Repetition time
and Echo time are employed to nullify stationary tissues and enhance the
intravascularcontrastmediuminjection.Theseacquisitionsaregenerallyable
toreducetheacquisitiontimetoabout 10-14 seconds with asub millimeter
voxel resolution. Considerations can be made for large aortic aneurysms,
aorticdissectionand when compensating forerrorsin bolus timing (Figure
3). Time resolved techniques may also be applied in the evaluation of the
thoracicaorta.Thismodality alsorequires contrastmediuminjectionandis
acquired without cardiac gating.

AORTIC MEASUREMENTS

A crucial point in the evaluation of both CT and MRI aortic acquisition
is the modality in which the measurements are taken. Many radiologists
are accustomed to taking measurements on the axial planes. Diameter
measurements takenfromtheaxial planesareinherentlyincorrectunlessthe
aortabeingmeasuredis perfectlyalignedin the cross-sectionontheimage
(22). For this reason, suggest to taking measurements on the longitudinal
reformattedimaging.Standardmeasurementsshouldbeobtainedattheaortic
valve (Table 1), atthe maximal diameter of theaorticroot, at the sino-tubular
junction,atthemiddleascendingtract, atthe arc, betweentheanonymous
trunkand common left carotid artery and in the descending tract posterior
totheleftatrium.Thesignedlevelsare useful torepeat measurementsatthe
samelevelinsubsequentcontrols.Nevertheless,additionalmeasurementsare
mandatoryifenlargementisevidentinanyotherlevel.Dimensionalevaluation
shouldbeobtainedontwolongitudinal planesandthefinaldiametersshould
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Figure 3. Aortic root ectasia is evident on 3D FSPGR MRI sequences obtained

after gadolinium injection
Source: (Di Cesare E, 2013)

Table 1. The normal values of the thoracic aorta

Site Normal Values (mm)
Aortic Root <39
Sinotubular Junction <30
Ascending Aorta <37
Aortic arch <30
Descending Aorta <25

(Ernesto Di Cesare, 2016)
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be obtained by algebraic mean. Moreover, in the analysis of the root, the
optimalsize measurementshould be obtained onimages parallelto theroot
on the so-called short axis view (Ernesto Di Cesare, 2016).

REVERSE ENGINEERING INTERFACE

The reverse engineering interface approach uses a 3D voxel model as the
starting point created from the region grow process (figure 4). The 3D voxel
modelis convertedto pointcloud dataformandareloadedinto thereverse
engineering software.The pointsarethen usedto create triangularfacetsto
formasurface model. Thefaceted modelisfurtherrefinedand enhancedto
reduce file sizes and unwanted features. The freeform surfaces of NURBS
patches are used to fit upon the outer shape of the model.

INJECTION PRINTING OF BINDER IN PBP
POWDER BED (POWDER BINDER PRINTERS)

3DP or PBP technology was invented by the MIT whose license belongs
today to 3D system. Like most 3D printers, the machine is made up of two
tanks: a supply tank and a production tank. The temperature within these
chambersis controlled by the printer throughout the production, so that the
binderinjectedinto the powder has a constant polymerization rate (Figure
5). Afirst layer of powder with a height of 3mm is deposited at the bottom
of the building chamber tofacilitate the recovery of the object. The printer,

Figure 4. Process definition to arrive at a CAD model from CT/MRI data

Source: (Hacene. Ameddah, 2010)
MRI imagés 2D segmentation 3D Region growing Reverse Engineering
interface
Surface Processing and refinement Triangulated model
reduce final CAD model surface

| Fitting of a NURBS patch to th IGES _| CAD model
surface Format N

Point Data
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Figure 5. Principle of binder injection printing in PBP powder bed
(Niolas Loucachvsky, 2017)
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using a supply roller deposits a thin film of about 0.1 mm of powder, then
printheads provided with nozzles will come“glue”to the glue the previously
deposited powder.This glue may ormay not be colored.This protocol makes
it possible to produce thefirstlayer of the object. Subsequently,anew layer
isdepositedand the protocolis repeated until the desired objectis obtained.
In binder injection printing in a powder bed, the binder can be colored
unrestricted with a multitude of colors (Niolas Loucachvsky, 2017).
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Additive Manufacturing

AMisamanufacturing method based onadditiveincrementallayer-by-layer
manufacturing and divers from conventional subtractive methods such as
cutting or casting material. With the use of computer design models, this
method canrapidly create components with high precisionand without the
need of many conventional processes and tools. Since AM can be used to
createcomplexand lightweightcomponentsthatare created with lesswaste
material and decreased energy usage, interest for using AM has increased
within many application areas (Msc simufact©, 2018).
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Simulation With MSC Simufact

The software tool used in this study, MSC Simufact, has an application
called additive manufacturing, which is adapted to better understand the
AM process.The software tool simulates parts of the product development
cycle.Some ofthedesign parametersthatthe softwaretoolexaminesarethe
material selection, laser power, powder characteristicsand hatchangles (US
DOE, 2015). Therefore, comparing how the stress state and distortions in
the softwaretool corresponds totheactual stress statein the AM component
will be the main investigative part of this study. The aim of this study is to
investigatewhetheragood prediction of residual stressesand distortionscan
be performed in AM components, using the software tool MSC Simufact.
During this study, thoracicaortawill be manufactured using Binderinjection
printinginPBPpowderbedtocomparetheresidualstresseswiththesimulation
software and to generate the inherent strains.

Simufact Additive

Simufact Additive allows users to quickly predict the breakdown and stress
of the parts produced by metal powderbad technologies during production
andattheendof the production chain.This predictive ability addresses the
main pointsinthe production ofadditives.The deterioration caninany case
be excluded from unusable tolerances or only aftera costly treatment such
as the desired shape of the mill.

Unwanted highresidual stresses canlead todistortion of the partduring
productionorundesired additional deteriorationin the subsequent process
chain, for example when cutting the part from the production base plate.
Thisallows the usertovirtually simulate and optimize factors such as setting
parametersand materials, removingdirectionand support, creating routing,
andsupporting building displacement (MSC Additive Manufacturing,2017).

The Simufact Additive software program uses the finite element method
toaccurately estimatethedistortionsandresidual stressesonthe part.One of
themostimportantconsiderationsfromthefinite elementanalysis studiesis
whethertheelementsizeusedandhencethenumberofelementsissufficient
forthatanalysis.If the element networkis good enough, we cansay thatthe
results oftheanalysisareacceptable,assumingall otherinputs of the model
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is correct. Finite element density isanimportant metric used to control the
accuracy of theanalysis (element type and shape affect the accuracy of the
analysis).

Assuming there is no singularity region in the model, a high-density
network structure will produce results with high accuracy (L. S. Bertol,
2010).However, ifthe network of elementsinthe modelis very busy,alarge
amountof computermemoryandlongrunning timeswill be required.This
disadvantage is frequently encountered for multiple iteration conditions,
especially fornon-linearandtransientanalyzes.One of the mainimportance
of numerical study is voxel mesh benefits compared to other mesh types.
Developing model designused and no prototypes needed.Thedimensions
of the finishing elements used and an objects due to the variability of
shapesthe geometry can be fully represented. With different materialsand
geometric properties objects can be examined. Problems related to causal
relation, general connected with the stiffness matrix generalized forcesand
displacements finishing elements. This feature of the method and it makes
it possible to simplify.

Theboundary conditions can beapplied easily.But thereis disadvantage
likemodelingassumptions,difficultyofmodelconnectiondesigns,estimation
of componentinteractionsdifficultyand dampingis usually neglected.The
voxel meshis essential forittobeable to cope with the volume volumetrically
and the manufacturing process will be necessary.

In this chapter, using the software Simufact Additive, a simulation of the
bio-printing processwascarriedout,whosepurposeistopredictthedistortion
and residual stress of the printed model.

RESULTS AND DISCUSSION

Inthefigures, the colorscale underthe effective stress of the simulated part
isthesameasin (Figure 6). The color scale shows the parts in the simulated
section thathave the maximumand minimum values of the effective stress
values. The amount of effective stretching in the red zone is greater. Blue
is the least in the regions, yellow and green are the middle in the regions.
There are distortions of the aorta part. The distortions usually concentrate
onthe partsandtheconnections(showninred color). Theexternal partsare
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Figure 6. Results of simulation with MSC Simufact Additive
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printing

Sample of Acrta
part- effective stress

Sample of Aorta
part- effective stress

Sample of Aorta
part-Element error

less in the blue, yellow and green regions. The aim of the work within this
informationistoreducethedistortionresults by changing the voxel meshes
elementsize of the partused reachingaconclusion by reducingdistortions.
After results of simulation with MSC Simufact Additive, Sample of Aorta
part was obtained with no element error

Theaimofusing Simufact Additive software programis to save timeand
cost.We can seethe difference between analytical and numerical values by
simulating a specimen once on this numerical and then producing it with
layered manufacturing. Computer aided engineering (CAE) and Simufact
Engineeringisthemostpowerfultoolsrecently usedto provide cost-effective
results.Ittakes time and expense to do physical experiments foreach design
revision.Designengineerscaninsteaddonumericworktoreducethenumber
of prototypes.This saves considerable effort, money and time.However,no
matterhow good the performance of the simulation softwareis, itisunlikely
thatthe numericalanalysiswill provide 100% accuracy. Mesh generation can
be definedasaprocessofdividingaphysical descriptionrangeinto smaller
definition ranges (elements). The aim here is to facilitate the solution of a
differential equation. The correctness of the approximation of the results
obtained by thefinite elementmethod duetothefiniteelementdependson
the element type and number of elements used in the network.
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CONCLUSION

Simultaneous 3D design and component analysis through 3D simulation
willreach agreaterscopeand precisioninthe comingyears, whilethe need
for in-service predictability is at its peak. The tools used for engineering,
simulation, production preparation and production with 3D printers are
grouped togetherin a single connected system, which removes the risk of
losing the possibility of error-prone data conversion and the information
content associated. Generally, very close results can be obtained in the
simulation programs.Simufact Additive will providefasterand moreaccurate
asmuch as possibleresults with the addition of new featuresin the firstand
later versions of this field. Simulation tools will supply and provide ease of
productionmethods.Theimportantthingistobeabletoprovidethenecessary
support to a new production method. By using this program which is used
by the big companiesin the world, whichis preferred by the big companies
inthe Middle Europe, itis possible toincrease the added value and provide
more supporttothedigitalindustryfields by using this simulation program
with the progressive versions.This study has been done to raise awareness
about this issue.

Thefinal analysis shows that the voxel mesh is modified and the surface
mesh is kept constant so that the increase in element size will reduce the
amountofdistortionforeachcalculatedanalysis.Timeparameterwilldecrease
with element sizes increase.
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ABSTRACT

Heart valve prostheses are well known and can be classified in two major
types or categories: biological and mechanical. Biological valves (i.e.,
Homografts and Heterografts) make use of animal tissue as the valving
mechanism whereas mechanical valves make use of balls, disks, and other
mechanical valving mechanism. Mechanical valves carry considerable risk
and require lifelong medication. The design of these valves is usually done
on a “one size fits all” basis, with only the diameter changing depending
on the model being produced. The author seeks to present an application
of additive manufacturing in the design process for mechanical valves. This
is expected to provide patients with customized prostheses to match their
physiology and reduce the risk associated with the implantation.
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INTRODUCTION

Heart valve prostheses are well known in the art and can be classified in two
major types or categories. One type employs tissue valves of animal origin
in its valve mechanism, known as a heterograft or homograft according to
the source of the valve. The other type of heart valve prosthesis utilizes a
ball, a disc, valve leaflets or other mechanical valving devices to regulate the
direction of blood flow through the prosthesis. The latter type of prosthesis is
usually known as “mechanical” heart valve prosthesis. Valve implants pose the
risk of thromboembolic complications, forcing the patient to require chronic
anticoagulation. This chapter explores a design for a mechanical heart valve
which is expected to mimic the physiological heart valve in functioning and
haemodynamic performance. The proposed valve showed better open-close
characteristics as compared to existing designs. This should effectively
reduce the complications arising from the implant, especially regurgitation
and thrombosis. The design is made such that it can be manufactured using
layered manufacturing techniques or additive manufacturing.

Layered manufacturing technology describes a range of techniques where
3-dimensional objects are constructed from alaminated form. There is arange
of methods by which this can be achieved but all rely on the same fundamental
set of processes. First the object to be fabricated must be described in terms
of an accurate 3-dimensional design representation. This must then be
reformatted to describe the object in terms of a number of slices with finite
thickness. This “slice information” is then used to fabricate the appropriate
number of slices from the desired material.

Finally, these slices are assembled to form the solid object. In practice,
a number of the current technologies combine the slice fabrication and
assembly processes by using a previously deposited slice as a template for
the deposition of subsequent slices.

The current interest in layered manufacturing has its roots in the
technology of Rapid Prototyping. Rapid prototyping (RP) develops to fill
a need in manufacturing industry to develop representative or functional
prototypes of objects normally manufactured in large quantities by tooled
processes. RP is a process in which a part is produced using layer-by-layer
deposition of material. To reduce the product development time and the cost
of manufacturing, rapid prototyping technology has emerged, offering the
potential of dramatically changing manufacturing processes. Models and
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prototypes can be manufactured with RP technology not only for visualization
purposes but also to build functional parts. It is an important technology as
it has potential to reduce the manufacturing lead time of the product up to
30-50% even when the relative part complexity is very high (Kai & Fai, 1997).

BACKGROUND

Four heart valves, two on either side of the heart, ensure that each muscle
contraction produces efficient, unidirectional flow. On the right side of the
heart, the tricuspid and pulmonary valves regulate the flow of blood that
is returned from the body to the lungs for oxygenation, whereas on the left
side, the mitral and aortic valves control the flow of oxygenated blood to the
body (Hillis et al., 1995).

One of the main afflictions of the cardiovascular system is heart valve
disease, which is generally caused by diseases such as rheumatic fever
congenital birth defects or ageing. In the Indian context, rheumatic diseases
are the most common factor leading to valvular disease. Such heart valve
disease compromises the functionality of the valve by restricting the motion of
the valve leaflets or by damaging its supporting structure (Dasi et al., 2009).
This leads to either valve stenosis (calcification of the leaflets associated with
narrowing of the valve, resulting in greater resistance to blood flow and a
greater cross — valvular pressure drop) or regurgitation (failure of the valve to
close completely), both eventually leading to valve failure (Dasi et al., 2009).

The need for prosthetic heart valves had been felt for along time but seemed
impossible before 1952 when Dr Charles Hufnagel clinically introduced a
ball valve that he placed into the descending thoracic aorta for treatment
of aortic valvular insufficiency (DeWall et al., 2000). Development of the
Starr-Edwards heart valve marked a new era in the treatment of valvular
heart disease. Until the development of the Starr-Edwards valve, there were
no published reports of patients who had lived longer than 3 months with a
prosthetic valve in the mitral position (Matthews, 1998). Caged ball valves
have a high tendency to forming blood clots, so the patient would have a high
degree of anti-coagulation therapy.

Caged ball valves eventually gave way to tilting disk valves. The Bjork —
Shiley Delrin Valve was made clinically available in 1969. The BSD valve
provided alow-profile, quiet prosthesis with excellent hemodynamics (Weiting
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Figure 1. Tilting disc valves of the 1970s (a) Bjork—Shiley Delrinvalve, (b) Bjork—Shiley

standard, (c) Lillehei—Kaster, (d) Medtronic—Hall, (e) Zorin and (f) Omniscience
Source: (Lefrak & Starr, 1979)

1996). The purpose in creating the titling-disc valve was to restore the central
blood flow that was lost with the ball valve design. The Medtronic—Hall
valve, first introduced in 1977 remains one of the more popular tilting disk
valves today.

Leaflet designs for valves were experimented on by Albert Starr and
Lowell Edwards. The Starr —Edwards leaflet valve consisted of 2 silicone-
rubber leaflets that were hinged on a central crossbar made of solid Teflon; it
included a Teflon cloth margin for fixation. The leaflet valves were plagued
by thrombus formation. Thrombus would originate at the suture line and
grow by direct extension onto the leaflets. In most cases, the valve became
totally occluded after only 2 or 3 days (Lefrak & Starr, 1979)

The bileaflet heart valve design was introduced in 1979. Bileaflet heart
valves consist of two semicircular leaflets that rotate about struts attached
to the valve housing, and while they take care of some of the issues that
exist in the other models, bileaflets are vulnerable to backflow and so they
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Figure 2. Starr-Edwards leaflet valve
Source: (Oregon Health and Science University, n.d.)

cannot be considered as ideal. Bileaflet valves do, however, provide much
more natural blood flow than caged-ball or tilting-disc implants. In recent
times, the St. Jude Medical bileaflet valve became one of the more popular
mechanical valves.

Modern replacement valves are divided broadly into three categories:

e  Mechanical: These have a virtually zero primary failure rate but
require anticoagulation and are usually used for the relatively younger
patient. Modern bileaflet mechanical valves are broadly classed as
open pivot (e.g. ATS valve) or closed pivot (St Jude Medical, OnX,
Sorin). The major differentiating factor various bileaflet designs apart
from the pivoting is the composition and purity of the pyrolytic carbon,
the shape and opening angle of the leaflets, the design of the pivots,
the size and shape of the housing and the design of the sewing ring
(Chambers, 2014).

e Biological: Biological replacements have limited durability but do not
require anticoagulation and are usually used for the relatively elderly.
Homografts (human valve) were first introduced in 1956. However, the
most frequently implanted biological replacement valves are the stented
xenografts (animal tissue) and these were first introduced in 1965. The
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stent is a plastic or wire structure covered in fabric with the cusps of
the valve usually placed inside and a sewing ring attached outside. The
valve cusps usually consist of pericardium (e.g. Edwards Perimount,
Sorin Mitroflow) or a porcine aortic valve (e.g. St Jude Epic, Medtronic
Hancock). Modern xenografts differ in anticalcification treatment and
fixation pressure. A different class, the stentless heterograft valve
consists of a preparation of porcine aorta or shaped pericardium and
was introduced in the hope of better haemodynamic function and fewer
complications. However, these expectations have not generally been
fulfilled and the longer bypass times and increased complexity of the
surgery means that stentless valves are not now commonly implanted
(Chambers, 2014).

e Transcatheter: Transcatheter valves are used for patients in whom
conventional surgery is not technically feasible or who have significant
co-morbidities. These consist of biological tissue mounted within an
expandable stent. A prototype was first implanted in 2002 and the
first two commercially available designs received their CE mark in
2007. The Edwards SAPIEN has pericardial tissue mounted within a
balloon-expandable stent which is introduced either via the femoral
artery or a small incision transapically or via the aorta or subclavian
artery. The Medtronic Core Valve has a nitinol self-expanding stent
for transfemoral insertion. A new valve, the Portico, with bovine
pericardial leaflets within a self-expanding nitinol stent has more
recently been introduced and many more designs are being developed
or introduced (Chambers, 2014).

Various RP processes have been developed and used in the past decade.
The better known among these processes are Stereolithography (SL), Selective
Laser Sintering (SLS), Fused Deposition Modeling (FDM) and Laminated
Object Manufacturing (LOM).

e Stereolithography: Stereolithography (SL) is a popular RP process in
which intricate parts of a plastic monomer are directly built by photo
polymerization process with the model constructed using a computer-
aided design (CAD) package [2]. The process of SL involves; modeling
of part with a CAD package to generate 3D solid model; conversion of
3D solid model into standardized triangular language (STL) file format
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to create volumetric mesh and creation of support structure; slicing of
STL format of 3D solid model to provide a series of cross-sectional
layers; exporting the sliced model to the computer of stereolithography
apparatus (SLA); building the support structure and the part layer by
layer (from bottom to top) over a vat of specially designed liquid resin
with a helium—cadmium or argon laser, which traces the outline of
the planar sections and solidify the resin in SLA; removal of support
structure to get the green part; post-curing of green part to undergo
final polymerization in a post-curing apparatus (PCA), which is either
a controlled furnace or an ultraviolet oven. The dies made through SL
process are subjected to high tension due to high injection pressure.
Strength is crucial in case of rapid tooling since the parts have to
withstand pressures during the test of fitment and when they are used
as a die for injection moulding.

Selective Laser Sintering: Selective laser sintering (SLS) is an
additive manufacturing technique that uses a high power laser (for
example, a carbon dioxide laser) to fuse small particles of plastic,
metal (Direct Metal Laser Sintering), ceramic, or glass powders into a
mass representing a desired 3-dimensional object. The laser selectively
fuses powdered material by scanning cross-sections generated from a
3-D digital description of the part (for example from a CAD file or
scan data) on the surface of a powder bed. After each cross-section is
scanned, the powder bed is lowered by one layer thickness, a new layer
of material is applied on top, and the process is repeated until the part
is completed. Compared to other methods of additive manufacturing,
SLS can produce parts from a relatively wide range of commercially
available powder materials. These include polymers such as nylon,
(neat, glass-filled or with other fillers) or polystyrene, metals including
steel, titanium, alloy mixtures, and composites and green sand. The
physical process can be full melting, partial melting, or liquid-phase
sintering. In many cases large numbers of parts can be packed within
the powder bed, allowing very high productivity. Additionally, the
selective laser sintering (SLS) process makes parts that have greater
stability than SL and selective laser sintering (SLS) parts generally do
not lose their shape or post cure over time.

Fused Deposition Modeling: Fused deposition modeling (FDM) is
an additive manufacturing technology commonly used for modeling,
prototyping, and production applications. The technology was
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developed by S. Scott Crump in the late 1980s and was commercialized
in 1990. FDM works on an “additive” principle by laying down material
in layers. A plastic filament or metal wire is unwound from a coil and
supplies material to an extrusion nozzle which can turn on and off
the flow. The nozzle is heated to melt the material and can be moved
in both horizontal and vertical directions by a numerically controlled
mechanism, directly controlled by a computer-aided manufacturing
(CAM) software package. The model or part is produced by extruding
small beads of thermoplastic material to form layers as the material
hardens immediately after extrusion from the nozzle. The FDM
process constructs three-dimensional objects directly from CAD
data. A temperature-controlled head extrudes thermoplastic material
layer by layer. The FDM process starts with importing an STL file
of a model into the preprocessing software. This model is oriented
and mathematically sliced into horizontal layers varying from +/-
0.127 to 0.254 mm thickness. A support structure is created where
needed, based on the part’s position and geometry. After reviewing the
path data and generating the tool paths, the data is downloaded to the
FDM machine. Several materials are available, with different trade-
offs between strength and temperature properties like Acrylonitrile
Butadiene Styrene (ABS) polymer, Polycarbonates, Polycaprolactone,
Polyphenylsulfones and Waxes. A “water-soluble” material can be used
for making temporary supports while manufacturing is in progress,
this soluble support material is quickly dissolved with specialized
mechanical agitation equipment utilizing a precisely heated sodium
hydroxide solution.

e Laminated Object Manufacturing: The first commercial Laminated
Object Manufacturing (LOM) system was shipped in 1991. LOM
was developed by Helisys of Torrance, CA. The main components of
the system are a feed mechanism that advances a sheet over a build
platform, a heated roller to apply pressure to bond the sheet to the
layer below, and a laser to cut the outline of the part in each sheet
layer. Parts are produced by stacking, bonding, and cutting layers of
adhesive-coated sheet material on top of the previous one. A laser cuts
the outline of the part into each layer. After each cut is completed, the
platform lowers by a depth equal to the sheet thickness (typically 0.002
to 0.020 in), and another sheet is advanced on top of the previously
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deposited layers. The platform then rises slightly and the heated roller
applies pressure to bond the new layer. The laser cuts the outline and
the process is repeated until the part is completed. After a layer is cut,
the extra material remains in place to support the part during build. The
excess material supports overhangs and other weak areas of the part
during fabrication. The cross-hatching facilitates removal of the excess
material. Once completed, the part has a wood-like texture composed
of the material layers. Moisture can be absorbed by the paper, which
tends to expand and compromise the dimensional stability. Therefore,
most models are sealed with paint or lacquer to block moisture increase.

DESIGN AND MANUFACTURE OF THE VALVE
Design and Modelling

The material of the valve needed to fulfil two criteria — biotolerance and
hyperelasticity. The valve needed to open and close within the pressure
gradients generated during systole and diastole. However, biotolerance was a
major factor driving the material selection process. Based on these, Silicone
was shortlisted for the valve material.

This design uses a tricuspid design with each of the cusps/leaflets being
concavo-convex such that the diastolic pressure completely closes the valve
much like in the physiological valve. The design allows the systolic pressure
to open the valve while preventing prolapse of the same.

The structure of the valve includes three cusps or flaps, affixed on the
annulus. These are affixed to the body at the root. During forward flow,
the cusps deform outward and open the valve. When the pressure in the
chamber drops, the flaps fill with blood and collapse sealing the chamber
off, preventing backflow.

While the method and apparatus of the valve is applicable for implantation
in patients with any cardiopulmonary condition, for the sake of practical
demonstration, a process of systole and diastole at normal haemodynamic
conditions has been described. However, the present design is not limited to
normal haemodynamic conditions.

The blood pressure in the human cardiopulmonary system varies with
time for the same individual. However, for most individuals, the two normal
clinically significant pressures involved are 120mm of Hg in systole and
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80mm of Hg in diastole. Although the position of the valve in use will vary,
depending on whether it is replaces an aortic valve or a mitral valve, it is
described in the upright position indicated by Figure 3 for ease of illustration.
The valve in the figure is ready for insertion into a heart.

The valve is formed from two coaxial rings and flaps. The outer ring is a
Polytetrafluoroethylene (PTFE) ring is provided for fixation. The inner ring
is the body of the valve and forms the inlet as well as the outlet for the valve.

The flaps, shown in Figure 4, are made of the same material as the valve
body. The surfaces are curved to form cusps which will fill up with blood
and collapse. Three exactly identical flaps are arranged in the valve such that
on collapsing, the flaps completely close of the valve.

During systole, the contraction of the ventricles will force blood to push the
flaps open with the pressure being applied on the convex face. The material

Figure 3. Valve ready for implantation

Figure 4. Shape of flap/cusp
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being hyperelastic, will deform and open the valve. The blood flows through
the orifice thus created.

During diastole, the pressure in the ventricles drops. This causes the flow
of blood to be reversed. When this happens, the cusp formed by the flaps,
fill out with blood. The material being hyperelastic, the individual flaps will
collapse into the ventricles. However, the arrangement of the flaps, as shown
on Figure 5, is such that when they collapse, they engage each other, thus
sealing off the orifice and preventing regurgitation of blood.

PTC Creo was used to generate 3D models of the valve components and
for the assembly

Selection of Appropriate Technique for Present Study

It has been mentioned earlier that the differences in the layering methods
have significant effects on achievable accuracy, surface finish, manufacturing
time and building cost. As aresult, considerations for the selection of suitable
orientation that relates to above mentioned criteria vary with different RP
processes. The ability to evaluate and determine the best part building
orientation for different rapid prototyping (RP) processes is important for
building a satisfactory part/prototype. It is also an essential step towards the
identification of the most suitable RP process for a given RP application.

Figure 5. Arrangement of flap/cusp with respect to the valve body
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The dynamic mechanical properties of products are significantly dependent
upon the type of materials and processing techniques. In practice, polymer
materials exhibit more than one relaxation region or so-called transition over
a wide range of temperature during dynamic thermomechanical analysis.

SIMULATION AND SOLUTIONS

Finite element analysis was conducted on the present designs using ANSYS
16.2. Static structural analysis of the design was done on a model having
10mm diameter. The deformation of the valving mechanism i.e. the flaps
in case forward flow was always greater than 2mm at the tips of the cusps
under 140 mmHg pressure. On reversing the direction of pressure to simulate
diastole, the maximum deflection was 0.4mm at the tips of the cusps. However,
it was observed that the valve did not prolapse and remained closed under a
pressure of 100 mmHg. This indicated better regurgitant characteristics as
compared to other valve designs.

The calculation of cardiac valvular orifices is done using the Gorlin
Formula, the final form of which is:

_co/ (DFP or SEP) (HR)

44.30AP

where A is the orifice area, COis cardiac output (cm*/minute), DFP is diastolic
filling period (seconds/beat), SEP is the systolic ejection period (seconds/
beat), HR is heart rate (beats/minute), C is an empirical constant and P is the
pressure gradient (Carabello & Grossman, 2006).

FUTURE RESEARCH DIRECTIONS

While mechanical prosthetics are far fromideal, a concerted effort can be made
to improve the functioning of the same with flow patterns and haecodynamic
characteristics of the physiological valves as the benchmark.
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CONCLUSION

Despite the widespread use of heart valve prostheses neither mechanical
nor bioprosthetic heart valves are free from complications. The overall
complications associated with prosthetic heart valves can be divided into six
main categories: structural valvular deterioration, non-structural dysfunction,
valve thrombosis, embolism, bleeding and endocarditis (Grunkemeier &
Anderson, 1998)

These complications are believed to be associated with non-physiological
blood flow patterns in the vicinity of heart valves. The potential of abnormal
flow patterns promoting blood cell damage has long been recognized, because
they may initiate thrombus formation.

The most common causes being: (i) imposition forces on cell elements
(regions of high shear stress cause tearing of the blood elements, thus leading
to haemolysis and platelet activation); and (i1) changing frequency of contact
(recirculation and flow stagnation regions increase the contact time between
blood elements, in particular activated platelets, thereby promoting thrombus
formation). In addition, these abnormal flow patterns may induce leaflet
calcification and tearing in tissue and polymeric valves by creating elevated
regions of shear in the immediate vicinity of the leaflet surfaces (Dasi et al.,
2009).

The present design shows promise in reducing these factors if not complete
elimination of the same. This can however only be verified by further testing
and clinical trials.

Also, with the deformation patterns shown during diastole simulations
showing reduced regurgitation, studies need to be conducted to verify them.

With the introduction of additive manufacturing into the overall process,
the lead time in the manufacture of the valves will come down. Also, the
availability of modern imaging processes in the field of medical sciences
guarantees that the valves can be customized as per the requirements of the
patient. Both these factors come together to ensure that the risk to the patient
undergoing the procedure is minimized. Also, the requirement for anti-
coagulants will be reduced as the valve will closely resemble the physiological
valve being replaced.

132

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Design of Prosthetic Heart Valve and Application of Additive Manufacturing

REFERENCES

Carabello, B. A., & Grossman, W. (2006). Calculation of stenotic valve orifice
area.InD. S. Baim (Ed.), Grossman’s Cardiac Catheterization, Angiography,
and Intervention (7th ed.; pp. 173—183). Philadelphia: Lippincott Williams
& Wilkins.

Chambers, J. (2014, October). Prosthetic heart valves. International
Journal of Clinical Practice, 68(10), 1227-1230. doi:10.1111/ijcp.12309
PMID:24423099

Dasi, L. P., Simon, H. A., Sucosky, P., & Yoganathan, A. P. (2009, February).
Fluid mechanics of artificial heart valves. Clinical and Experimental
Pharmacology & Physiology, 36(2), 225-237. doi:10.1111/;.1440-
1681.2008.05099.x PMID:19220329

DeWall, R. A., Qasim, N., & Carr, L. (2000, May). Evolution of mechanical
heart valves. The Annals of Thoracic Surgery,69(5),1612-1621.d0i:10.1016/
S0003-4975(00)01231-5 PMID:10881865

Grunkemeier, G. L., & Anderson, W. N. (1998). Clinical evaluation and
analysis of heart valve substitutes. The Journal of Heart Valve Disease, (7):
163-169. PMID:9587856

Hillis, L. D., Lange, R. A., Winniford, M. D., & Page, R. L. (1995). Manual
of Clinical Problems in Cardiology. Little, Brown and Company.

Kai, C.C., & Fai, L. K. (1997). Rapid Prototyping: Principles and Applications
in Manufacturing. Singapore: John Willey & Sons (Asia) Pte Ltd.

Lefrak, E. A., & Starr, A. (1979). Starr-Edwards ball valve. In Cardiac valve
prostheses (pp. 67-117). New York: Appleton-Century-Crofts.

Matthews, A. M. (1998). The development of the Starr-Edwards heart valve.
Texas Heart Institute Journal, 25(4), 282-293. PMID:9885105

Oregon Health and Science University. (n.d.). Retrieved March 2016 from
http://www.ohsu.edu/xd/education/library/about/collections/historical-
collections-archives/exhibits/miles-lowell-edwards.cfm

Wieting, D. W. (1996, August). The Bjork-Shiley Delrin tilting disc heart
valve: Historical perspective, design and need for scientific analyses after 25
years. The Journal of Heart Valve Disease, 5(2S), 157-168. PMID:8905516

133

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use


http://www.ohsu.edu/xd/education/library/about/collections/historical-collections-archives/exhibits/miles-lowell-edwards.cfm
http://www.ohsu.edu/xd/education/library/about/collections/historical-collections-archives/exhibits/miles-lowell-edwards.cfm

EBSCChost -

134

Chapter 7

Designing Thin 2.5D
Parts Optimized for Fused
Deposition Modeling

James I. Novak

https://orcid.org/0000-0003-4082-4322
Deakin University, Australia

Mark Zer-Ern Liu
University of Technology Sydney, Australia

Jennifer Loy
Deakin University, Australia

ABSTRACT

This chapter builds new knowledge for design engineers adopting fused
deposition modeling (FDM) technology as an end manufacturing process,
rather than simply as a prototyping process. Based on research into 2.5D
printing and its use in real-world additive manufacturing situations, a study
featuring 111 test pieces across the range of 0.4-4.0mm in thickness were
analyzed in increments of 0.1mm to understand how these attributes affect
the quality and print time of the parts and isolate specific dimensions which
are optimized for the FDM process. The results revealed optimized zones
where the outer wall, inner wall/s, and/or infill are produced as continuous
extrusions significantly faster to print than thicknesses falling outside of
optimized zones. As a result, a quick reference graph and several equations are
presented based on fundamental FDM principles, allowing design engineers
to implement optimized wall dimensions in computer-aided design (CAD)
rather than leaving print optimization to technicians and manufacturers in
the final process parameters.
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INTRODUCTION

As arange of technologies, additive manufacturing (AM), also known as 3D
printing, has been the subject of research for several decades. A considerable
body of knowledge has been built on the topic across disciplines and there are
many publications focusing on processes, materials and applications. Research-
based guidelines have been developed to provide designers and engineers
with core principles to consider when adopting AM processes; for example
Gibson, Rosen and Stucker’s (2015) ‘Additive Manufacturing Technologies’
textbook, as well as books by Lipson and Kurman (2013) and Redwood,
Schoffer and Garret (2017). However, as AM shifts from a predominantly
prototyping technology, known as rapid prototyping (RP), towards an end-
use manufacturing technology (Campbell, Bourell, & Gibson, 2012; Gibson
et al., 2015), further guidance is needed for designers to understand how to
design specifically for end-use production appropriate to the specific AM
technology. Designers need to be aware of the constraints and opportunities
of individual AM processes, just as they would when designing for traditional
manufacturing technologies. For example, designing for injection molding
requires a thorough understanding of draft angles, part-lines and appropriate
wall thicknesses, which can vary between injection molding machines and
individual molds. These constraints influence the design decisions made
throughout product development, and ultimately impact the final form
and function. Likewise, there are constraints when designing for additive
manufacturing.

Design for additive manufacturing (DfAM) is emerging as an
interdisciplinary field of research to address these constraints, helping design
engineers effectively adopt AM through the development of more specific
methodologies and discourse. This chapter builds on recent DfAM guidelines
(Kumke, Watschke, & Vietor, 2016; Pradel, Zhu, Bibb, & Moultrie, 2018;
Thompsonetal.,2016), focusing specifically on research into the relationship
between computer-aided design (CAD) geometry and stereolithography (STL,
also known as Standard Triangulation Language) files for part thicknesses in
the range of 0.4-4.0mm. Furthermore, it identifies the relationship between
such thin geometry and the quality and speed of 3D printing, providing design
engineers with specific settings to optimize a design for fused deposition
modeling (FDM) as the end manufacturing process. Thin test pieces in 0.1mm
increments are analyzed using Cura software from Ultimaker, alongside three
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printed wall thicknesses (also called the shell) related to nozzle diameter,
and graphed alongside three STL export settings (fine, medium and coarse).
The vast data set is presented in a visual quick-reference graph with optimal
dimensions for FDM printing with the most common (0.4mm nozzle
highlighted, allowing design engineers to implement settings for maximum
printing speed and accuracy, or calculate them using the provided equations
for other nozzle diameters. This is particularly important when part designs
may only consist of a small number of layers, often described as a 2.5D print
(Galbally & Satta, 2016; Zhu, Dancu, & Zhao, 2016), with an increasing
range of projects being manufactured using 2.5D printing. The value of this
research and experimental study is that it allows designers to significantly
improve the final manufacturability of a thin part design, prior to a technician
or manufacturer modifying process parameters which are often outside the
control of the designer.

BACKGROUND

Fused deposition modeling (FDM) technology, also known as fused filament
fabrication (FFF), is part of the “material extrusion” category of technologies
defined within the ISO/ASTM 52900 standards for additive manufacturing
((ISO),2015). Polymer filament s directed through a heated print head where
it reaches a semi-viscous state, and through an electro-mechanically applied
force extruded from a nozzle. The molten polymer is selectively dispensed
to form a horizontal cross-section of the part being printed, before the next
layer is printed on top in a repeating layer-by-layer process until the final
object is formed. The FDM method of 3D printing has become the most
mainstream 3D printing technology after expiry of key patents several years
ago, and a rapid decline in hardware costs (Gibson et al., 2015; Quinlan,
Hasan, Jaddou, & Hart, 2017). Despite proliferation of these 3D printers,
designing specifically for FDM additive manufacturing remains challenging
(Seepersad, 2014), requiring designers to learn a new set of rules which
may change as hardware and software rapidly improve, with the industry
experiencing exponential growth and improvement likened to Moore’s Law
(Benson, Triulzi, & Magee, 2018; Greenfield, 2017; B. Krassenstein, 2014).

Recentresearch has begun to define the specific details of FDM technology
that will affect the final outcome; for example Vasilescu and Groza (2017)
measured the roughness of flat FDM parts after varying settings such as infill
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density, print temperature and layer height, presenting a range of settings that
improves surface finish, a quality which is particularly useful when FDM is
used for end-use parts. Similarly, Huang and Singamneni (2015) assessed the
stair-stepped layer effect of FDM for curved surfaces, proposing anew “Curved
Layer Adaptive Slicing (CLAS)” process to improve the surface finish and
print speed by varying layer height throughout the printing process. Such an
adaptive layer process of printing has recently been integrated into mainstream
slicing software Cura (Ultimaker, The Netherlands), with a recent case study
showing the 3D printing of a bottle could be achieved 10% faster using the
new setting (Jani, 2018). Materials research by Coogan and Kazmer (2017)
analyzed the tensile properties of Acrylonitrile Butadiene Styrene (ABS)
plastic after being printed with FDM in different conditions, recommending
that higher nozzle temperatures than those used in traditional extrusion and
injection molding be used in order to improve layer adhesion, amongst a variety
of other optimal settings. However, these studies, and many like them, are
related to process parameters modified after a design is complete and ready
for production or prototyping, and do not provide designers with knowledge
to help optimize a products functional characteristics or manufacturability
early in the design process.

Specific guidelines to design for FDM are more elusive and often combined
within generic DfAM guidelines such as consolidating parts, increasing
complexity or customizing parts for different needs or user-fit requirements
(Gibson et al., 2015; Lipson & Kurman, 2013; Petrick & Simpson, 2013).
More tangible guidelines have been collated by Adam and Zimmer (2014)
who compared laser sintering, laser melting and FDM across a variety of
geometries and tolerances, resulting in a visual design rule catalog which
includes specific design requirements for FDM such as an unsupported
overhang length <1.8mm or a gap between parts >0.4mm. However, these
tests were performed on a Fortus 400mc (Stratasys, United States of America)
using Ultem material, which is a commercial quality FDM printer, and may
not translate well to more ubiquitous desktop and open source 3D printers.
Similarly, online 3D printing bureaus like i.Materialise and Shapeways
provide designers with technical guidelines for FDM printing, for example
1.Materialise (2018) recommends a minimum wall thickness of 1.0mm for
FDM using ABS material, or 1.2mm for larger parts, while Shapeways (2018)
recommends 1.0mm as a minimum for its FDM process with Polylactic
Acid (PLA) material. However, these recommendations are framed within a
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commercial context where failed 3D prints cost time and money to the bureau,
and do not provide designers with true minimum values possible with FDM,
or an understanding of how wall thickness is calculated and how it might be
adjusted depending on the particular printer being used. Additionally, these
bureaus use commercial quality 3D printers and slicing software, which
may transfer to some manufacturing situations where similar machines are
being utilized, but is less likely to be applicable in lower volume production
facilities and small entrepreneurial centers using lower-end machines and
open source software.

A particular assumption within guidelines and broader AM discourse
is that parts being printed are three-dimensional, often featuring complex
geometries with well-known examples including topology optimized aerospace
parts (Fendrick, 2016), a customized lattice bicycle frame (Novak, 2015) and
titanium hip implants featuring bone-like textured surfaces (Wyatt, 2015).
Given the increasing distribution of 3D printing technology, designers,
engineers, makers, hobbyists and educators are applying FDM printing to a
vast range of problems, some of which require relatively simple geometries
that can be designed withrudimentary CAD modeling skills. A single extrude,
or collection of extrudes that are combined together, may be all that’s required
of a particular geometry for 3D printing; this is often described as a 2.5D
print since the geometry can be defined using a single 2D sketch with height
perpendicular to the sketch axis. Designers may choose to use 3D printing
in this way to take advantage of novel materials, minimize material waste
(compared with laser cutting for example), or because of access to affordable
3D printers over other technologies.

Performing an extrude operation in CAD is typically the first tool taught
during 3D modeling workshops and education (Novak, 2018), whether this is
in free entry-level software like Tinkercad (Autodesk, San Rafael, USA), or
high-end commercial software like Solidworks (Dassault Systemes, Vélizy-
Villacoublay, France). Designers create a two-dimensional sketch made up of
line-work, such as a square, and then extrude this geometry to form a three-
dimensional shape, such as a cube. This produces the first piece of digital
“material” which can be further manipulated into a product for 3D printing
through numerous cutting, extruding, patterning and assembly operations.
Alternatively, a2.5D object such as a name tag or keyring (common products
designed and printed during introductory 3D printing workshops (Novak,
2018)), or more complex repeating patterns, may be built from one or several
2D sketches, some examples of which are shown in Figure 1.
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Figure 1. Examples of 2.5D prints produced with FDM 3D printers

v Aedditive

Recent research has begun to examine 2.5D printing opportunities and
properties. For example, a study quantifying the effects of varied geometry
on print time and material use found that “an ‘optimal’, ‘basic’ or ‘simple’
geometry for FDM exists; and that shape may be different from a shape
considered ‘optimal’ for conventional manufacturing technologies” (Pradel,
Zhu, Bibb, & Moultrie, 2017). Through application of such research, designers
may directly shorten manufacturing times and material use as they would
during design of components for traditional manufacture. More recently,
research has optimized 2.5D geometry for strength properties using topology
optimization methods (Kandemir, Dogan, & Yaman, 2018), resulting in a
variety of structures that are easily 3D printed on FDM machines without the
need for support material. Studies such as these are improving knowledge
of 2.5D structures; however, there is a notable lack of discourse on the topic
with most research focused on more 3D structures and geometries.

Whilst the academic discourse on this topic is still under development,
designers are exploiting 2.5D printing in industry. For example, Danit Peleg
is a fashion designer who made headlines in 2015 for 3D printing an entire
fashion collection on desktop FDM 3D printers (Boruslawski, 2015). Peleg’s
pieces are made in smaller panels and assembled together, with most of
her original collection consisting of 2.5D patterns that form a textile-like
structure suitable for creating full-size wearable garments. Peleg now offers
an online customization platform on her website for people to create their
own jacket which utilizes 2.5D patterns similar to those shown in the second
example in Figure 1. The letterpress industry has also experimented with
2.5D printing to create custom fonts which are functional within a letterpress
machine, where more complex 3D forms are unnecessary. For example, a
studio called A2-Type produced a font named A23D for London’s New North
Press studio (Steven, 2014), updating the centuries old technology into the
twenty-first century. 2.5D prints are also common for gears, brackets, logos
and lithophanes (etched photograph which can be clearly seen when held
up to a light). These examples require different knowledge to design and
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manufacture using FDM compared with more complex 3D forms typically
discussed within AM discourse, especially since they may have minimal height,
require no support material, or be very thin in the case of Peleg’s fashion to
allow flexibility. These examples show how designers are engaged in their
own experimentation and development of 2.5D knowledge, signaling a need
for new guidelines and critical research to support ongoing development of
the field.

EXPERIMENTAL STUDY OF THIN PART PRINTING

In order to better quantify and understand FDM printing of thin 2.5D geometry,
a study was conducted to find optimized settings for designers to implement
in their practice, and develop new knowledge about the relationship STL
export settings and wall thickness settings play on the final printed part.
The goal was to provide a holistic understanding of the factors affecting thin
part printing based on fundamental FDM principles, rather than producing
guidelines specific to a single machine or piece of CAD software. The study
consisted of four phases which will be discussed separately:

1. Parametric Design: Creation of a 3D CAD part which could be varied
in thickness and test both straight wall and curved wall features.

2. STL Export: Conversion of each CAD file to a STL file using three
different resolution settings to understand whether triangulation will
affect the quality of thin geometry.

3. 3D Printing Simulation: Use of Cura to collect data about each file,
followed by analysis of results.

4. Case Study: Based on more complex geometry similar to Peleg’s jacket
design, data was collected to quantify how settings affect print results
and print times in a real-world manufacturing scenario.

Parametric Design

The part used for testing in this study was designed in Solidworks using the
straight slot geometry (also known as a stadium), with external dimensions
shown in Figure 2. Solidworks is a parametric CAD tool, meaning the
geometry is linked by relationships within the 2D and 3D elements of the
part, providing high accuracy and the ability to rapidly modify the design
history of the part to create new variations. Unlike a mesh modeling CAD
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Figure 2. Dimensions of test piece in millimeters
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program, the geometry in Solidworks is dimensionally exact, much like
vector-based 2D graphics software. The external dimensions and extrusion
distance of 1mm shown in Figure 2 remained constant for all test pieces, with
the thickness of the geometry varied towards the inside of the part, starting
at 0.4mm (to match the most common diameter of the extrusion nozzle of
desktop FDM printers) up to 4.0mm in 0.Imm increments. The design of
the part provided both straight sections and curves to assess the impact of
STL conversion and printing.

STL Export

Despite the recent introduction of the more accurate Additive Manufacturing
File (AMF) format ((ISO), 2016), current 3D printers predominantly rely
on the STL file format, which turns a dimensionally accurate CAD model
into an approximated mesh constructed of triangular planar surfaces. This
can result in geometric tolerance errors (Gibson et al., 2015; Zha & Anand,
2015), with numerous studies exploring novel methods of improving STL
quality (Wu & Cheung, 2006; Zha & Anand, 2015). In order to build new
knowledge about the affect of STL settings on thin parts, each of the 37 CAD
files resulting from Figure 2 were exported to a STL file using three different
settings chosen to represent fine, medium and coarse resolution, defined in
Table 1. The deviation setting relates to the whole-part tessellation of the
mesh, with lower numbers resulting in a higher number of mesh triangles
and greater resolution, which is particularly important for curved geometry.
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Table 1. STL export settings from Solidworks

Resolution Deviation (mm) Angle (degrees) Mesh Triangles
Fine 0.01 3 976
Medium 0.02 10 376-416
Coarse 0.06 30 224-256

The angle relates to smaller detail tessellation, and similarly increases quality
with smaller angles. As quality increases across both measures, the number
of mesh triangles, and correspondingly the file size, also increases. However,
for this simple test piece file size was not an important factor with all files in
the range of 12-48KB. The total result was 111 STL files for testing, made
up of three varied STL resolutions for each of the 37 different thicknesses
in the range of 0.4-4.0mm.

3D Print Settings

3D printers typically require a separate piece of software to control the slicing
of the STL file external to the original CAD program. Slicing takes the 3D
geometry of the STL file and slices it into discrete layers suitable to print one
layer at a time, normally in the range of 0.1-0.5mm thick for desktop FDM
printers. This is then output as G-code, the machine language used by many
3D printers and other computer-numerically controlled (CNC) processes.
Numerous slicing programs exist from free to paid, with some being proprietary
and tied to a particular brand or printer, while others are more universal and
allow for files to be sliced for a range of different 3D printers. For this study
a freely available universal program called Cura (version 3.1.0) from 3D
printer manufacturer Ultimaker was selected for a number of reasons:

1. Being freely available, it is widely used by designers, engineers and
hobbyists for FDM printing. Therefore the results of this research will
be readily replicable, and applicable to a broad range of designers.

2. Cura features a view mode called Layer View to visualize and simulate
the 3D print process, providing data relevant for this study without the
need to observe each of the 111 files print and record information about
how the printer produced the parts. Simulation is a common practice
in AM research, allowing consistent data to be collected without the
unpredictable influence of hardware, and without the time delays required
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to physically produce a broad range of test pieces (Kim, Zhao, & Zhao,
2016; Pradel et al., 2017). Different colors are used to separate the outer
wall (red), inner wall (green) and infill (yellow) portions of printing for
each layer, as clarified in Figure 3.

Within Cura hundreds of settings can be modified to accommodate different
materials and print outcomes, however, for this testing the default fine settings
for ABS were chosen, with the primary settings summarized in Table 2. These
settings were identical for all simulations, with the only setting changed for
testing being the wall thickness in order to understand the effect of increasing
the number of perimeter walls for thin parts. The wall thickness is adimension
relative to the diameter of the print nozzle, with 0.4mm representing a single
wall thickness of a common 0.4mm nozzle, and any remaining part thickness
filled with infill. A 0.8mm wall thickness represents two walls (outer wall +
inner wall), and 1.2mm represents three walls (outer wall + 2 inner walls).
This is visually explained in Figure 3. The hypothesis of this study was that
certain dimensions would make optimum use of wall thickness to produce
a part without any infill, whereas other dimensions would take longer to
produce as they require zigzagging infill structures.

Images of each simulation were captured and datarecorded in a spreadsheet
regarding the quality of the outer wall, inner wall, and the infill. Each of these
elements was recorded separately in one of four states:

1. Missing: No material is extruded.
2. Failure: When sections of the wall or infill are disjointed and not solid/
continuous.

Figure 3. 0.8mm wall thickness example = 0.4mm outer wall (red) + 0.4mm inner
wall (green) with remaining volume filled with infill (yellow)

_.,

infill (yellow)
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Table 2. Primary settings used for testing based on the default “fine” setting within
Cura

Consistent Settings
Layer Height 0.Imm
Nozzle Diameter 0.4mm
Line Width 0.4mm
Infill Density 100%
Infill Pattern Lines
Printing Temperature 230°C
Bed Temperature 80°C
Filament Diameter 1.75mm
Flow 100%
Print Speed 60mm/s
Build Plate Adhesion Type None

Variable Settings

Wall Thickness | 0.4mm, 0.8mm, 1.2mm

3. Messy: When the sections of the wall or infill appear joined, but may
be printed in a haphazard (not continuous) fashion or made up of both
infill and wall components.

4. Solid: The wall or infill structure is continuous and solid.

These states do not necessarily coincide with whether the physical print
would fail, for example Figure 4 shows a solid outer wall but failed infill,
which would most likely result in a successful 3D print, although the part
would be structurally weaker than a solid infill. Furthermore, each of the 111
STL files was assessed at three orientations on the simulated print plate: 0°,
45° and 90° as shown in Figure 5. This was to identify the effect of print
orientation on results, which has been shown to significantly affect part
strength in mechanical testing (Zeleny, Safka, & Elkina, 2014), and play a
role in the roughness of the visible surfaces (Delfs, Tows, & Schmid, 2016).

Results and Discussion
Across the 3 print orientations in Figure 5, all results were identical for the

111 STL files except for one occurrence at 1.2 mm thick, using the 0.8mm
wall thickness setting and fine STL resolution. With these settings, the 0°
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Figure 4. 0.9mm thick test piece simulated with 0.4mm wall thickness showing a
solid outer wall and failed infill

Figure 5. Test pieces oriented at 0° (left), 45° (centre) and 90° (right)
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and 90° orientations presented a single outer wall and messy infill pattern,
while for the 45° orientation a mix of an inner wall structure and messy infill
pattern was observed within the outer wall boundary. This is shown in Figure
6. This would be unlikely to affect the ability to 3D print this part, with the
overall part at the 45° orientation appearing 100% filled just like the 0° and
90° orientations. However, the 45° orientation may have an increased chance
of being dislodged from the build plate as the extruder maneuvers between
inner wall and infill sections during printing, which may reduce the visual
quality and mechanical strength of the printed result. With all other test parts
exhibiting identical wall and infill characteristics at their three orientations,
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Figure 6. Results of 1.2mm thick test piece with 0.8mm wall thickness setting in
Cura at 90° and 45° orientations

the overall results of this study presented in Figure 7 are simplified to the
0° orientation.

As shown in the overall results of Figure 7, the outer wall failed with a
test piece thickness of 0.4mm across all STL resolutions and print settings,
meaning that despite the matching 0.4mm extruder nozzle diameter, designing
to this minimum thickness in CAD will not succeed in producing a printed
object even with a fine STL export setting. The minimum part thickness to
successfully produce a result was found to be 0.5mm at any STL resolution.
The simulated results of printing at 0.4mm and 0.5mm can be seen in Figure
8, which shows all transitional characteristics of the test pieces using a
0.4mm wall thickness and fine STL resolution. Through these transitions
it is possible to see what is deemed a failed infill (1.0mm) with gaps in
the structure, compared to a messy infill (1.Imm) which is complete but
somewhat haphazard, or a solid infill (1.2mm and beyond). Additionally, the
dashed boxes in Figure 7 identify what are termed optimized wall zones, an
example of which can be seen in the 0.5mm setting in Figure 8. These zones
correspond with continuous concentric lines as a perimeter, without the need
for any infill. A similar structure occurs once the wall thickness set in Cura
is achieved and infill is produced as a continuous perimeter matching the
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Figure 7. Overall results of testing at 0° print orientation
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outer wall, an example of which can be seen in the 1.2mm setting in Figure
8. This is called an optimized fill zone, and occurs for several fractions of
a millimeter prior to the more common zigzag structure emerging as part
geometry becomes thicker.

From the regularly repeating occurrence of optimized wall and fill zones
shown in Figure 7 for the fine and medium STL resolutions (which would be
the most common STL settings to maintain tolerances to the original CAD
part), the narrowest optimized wall zone (OWZ__ ), which corresponds to the
minimum printable part thickness, can be calculated using a simple equation
based on the 3D printer nozzle diameter (@,). This is labeled Equation 1:

OWZmin = oN +0.1

The maximum value of this initial optimized wall zone (OWZ_ ) can be
calculated with Equation 2:

OWZ = 20N

Similarly, the optimized fill zone (OFZ) can be calculated using the 3D
printer nozzle diameter (@,) and the intended wall thickness for printing
(W). The equation (Equation 3) from this study to calculate minimum part
thickness fitting this optimized fill zone (OFZ__ ) can be summarized as:

aw

OFZmin = goN +1

The equation (Equation 4) to calculate the maximum part thickness fitting
this optimized fill zone (OFZ_ ) can be summarized as:

2w

OFZma =oN + 1|+ 9N

X

When designing in CAD to fit within the range of OWZ . to OWZ_ , or
OFZ . to OFZ_ , these equations allow designers to create parts that will
be solid and printed with maximum speed. For example, Table 3 compares
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Table 3. Cura simulation of 1.5mm versus 1.6mm fine resolution parts using 0.4mm

wall thickness

Test piece thickness Quantity Print Time Time per part
1.5mm 20 56 mins 168 seconds
1.6mm 20 69 mins 207 seconds
Total difference 13 mins 39 seconds

the printing of 20 test pieces designed at 1.5mm thick (within the OFZ) and
1.6mm thick (solid fill but outside the OFZ) using a 0.4mm wall thickness.
The total print time is 13 minutes quicker for the 1.5mm thick part, which
works out to be 39 seconds quicker per individual part. This is a time saving
of 19% despite only being 0.1mm different in size. If this were a larger piece,
or being printed in significant quantities, designing a part to be 1.5mm thick
would significantly improve the speed to produce the parts, reducing costs
over the long term and allowing higher throughput of the machine. In some
circumstances, predominantly for rapid prototyping applications, reducing
a wall thickness by 0.1mm may simply be impossible due to tolerances or
interfacing with other parts of an assembly; however, as a DfAM consideration,
itis most efficient to design within this optimized fill zone. Table 4 and Table
5 show similar differences at the 0.8mm and 1.2mm wall thickness settings,
with time savings of 14% and 13% respectively.

Table 4. Cura simulation of 2.3mm versus 2.4mm fine resolution parts using 0.8mm
wall thickness

Test piece thickness Quantity Print Time Time per part
2.3mm 20 75 mins 225 seconds
2.4mm 20 87 mins 261 seconds
Total difference 12 mins 36 seconds

Table 5. Cura simulation of 3. Imm versus 3.2mm fine resolution parts using 1.2mm

wall thickness

Test piece thickness Quantity Print Time Time per part
3.Imm 20 88 mins 264 seconds
3.2mm 20 101 mins 303 seconds
Total difference 13 mins 39 seconds
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From the results in Figure 7 another pattern that emerges as wall thickness
increases to 0.8mm (2 shells) and 1.2mm (3 shells) is the appearance of
infill structures prior to an inner wall structure being used. Across all fine
and medium resolution tests, infill structure begins at 0.9mm part thickness,
while for coarse resolution it begins earlier at 0.8mm part thickness. As infill
emerges it improves in quality from a fail structure to a messy structure,
before becoming a solid structure either directly, or in the form of becoming
a new inner wall. This will repeat with regularity until the maximum wall
thickness is reached, in which case the infill structure has a0.4mmrange where
it transitions from a fail to a solid structure for fine and medium resolution
STL files, or 0.6mm in the case of a coarse resolution STL file. Following on
from Figure 8, Figure 9 shows all the transitional characteristics of the test
pieces after 1.2mm using a 0.8mm wall thickness and fine STL resolution
as inner wall structures becoming evident. The 1.6mm value in Figure 9
also exemplifies a print within the optimized wall zone, which occurs as the
inner wall structure integrates into the printed part and forms a continuous
perimeter before the part thickens and requires infill alongside the inner wall.
Optimized wall zones and optimized fill zones are identical in their ability
to reduce print time. This means that when printing using a 1.2mm wall
thickness setting, there are four optimized zones which occur between 0.5-
0.8mm (initial optimized wall zone which can be calculated using Equation
1-2), 1.3-1.6mm (optimized wall zone), 2.1-2.4mm (optimized wall zone)
and 2.8-3.1mm (optimized fill zone which can be calculated with Equation
3-4) as shown in Figure 7.

Figure 9. Key characteristics of test pieces using a 0.8mm wall thickness and fine
STL resolution (yellow = infill, green = inner wall, red = outer wall)
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Fine and medium resolution STL results are identical for all tests in Figure
7; however, the results are slightly different for the coarse STL setting, with
the tolerances of the STL being more relaxed from the original CAD file
and creating areas where the printer must add extra material, particularly as
curved surfaces become more faceted. These STL settings are extreme and
itis unlikely designers would use such low quality files; however, the results
show how optimized fill zones become smaller with low resolution STL files,
and there is an increased likelihood of failed or messy infill structures with
these zones occurring across broader part thicknesses.

Designing at the extreme range of thin wall sections <Imm, below the
recommendations from commercial 3D printing bureaus, test pieces are made
entirely from outer wall structure with two passes of the nozzle. The settings
used for this study did not allow the nozzle to create a wall thickness larger
than its diameter, and as a result, 0.5mm requires the nozzle to make two
passes to build up material, just as it does for 0.8mm (although this can be
difficult to see in the images). The simulations within Cura from 0.5-1.0mm
would result in successful prints, however, within the scope of this study
physical prints have not been produced to determine how reliably they can
be printed at this fine scale. This is an area for future research and would
vary based on the specific hardware of each FDM printer and the rheology
of the filament (Cicala et al., 2018).

Case Study: Mesostructure

To validate the results of this study a more complex test piece based on a
mesostructure was created as shown in Figure 10. Designers such as Peleg
(Boruslawski, 2015), Bastian (E. Krassenstein, 2014) and Novak (2016),
as well as researchers such as Li, Chen, Hoe and Yin (2016) have explored
mesostructure geometry using desktop FDM technology for its flexibility
and complex aesthetic. The geometry also features a selection of straight and
curved sections like the original straight slot test piece, providing a range
of challenges within a single part. A number of variations in thickness were
created and exported as STL files like the original test piece, although only
fine resolution settings were used (see Table 1) and a 0.8mm wall thickness.
The resultant print times estimated in Cura can be seen in Figure 11.

What is clear from these test results is that the mesostructure is fastest to
print within the range of a 1.3-1.6mm part thickness, aligning with the data
captured in Figure 7. Despite 1.1mm and 1.2mm thick parts requiring less
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Figure 10. Dimensions of mesostructure in millimeters
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material, it is considerably faster to print parts in the optimized zone, with
1.3mm being 57% faster to 3D print than 1.1mm, and 38% faster than 1.2mm.
These significant time variations of several hours for a single part are purely
related to fractional variations in design geometry, with no modification
to process parameters. Multiplied over the number of components in the
fashion of Peleg or another similar product, this may result in days worth of
time saved by understanding how to design specifically for the FDM process
using optimized thin-wall features. Figure 12 compares a detailed section
of the mesostructure at 1.2mm and 1.3mm, with 1.2mm exhibiting a messy
combination of both inner wall and infill structures which takes time for
the extruder to move between, while 1.3mm features three concentric wall
structures which are most efficient to 3D print due to their continuity.

It is unclear whether designers such as Peleg 3D model parts with
an understanding of these optimized zones; according to a recent article
(Krassenstein, 2015), each A4 sized section of a Peleg dress takes twenty hours
to print, with each complete dress taking approximately four hundred hours.
If the pieces of each dress have not been designed with an understanding of
these optimized zones, there may be an opportunity to significantly reduce the
time required to produce each dress, saving days of time without any change
to the 3D printer hardware or software. If time is factored into retail cost

Figure 12. Detail of mesostructure at 1.2mm thickness (left) compared with 1.3mm
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equations, this may also result in a significant reduction in cost for customers.
These considerations align with the research of Pradel et al. (2017), and are
important aspects to the DFAM approach.

LESSONS AND FUTURE RESEARCH DIRECTIONS

While 3D printing thin wall sections presents numerous challenges, and
the results from simulations are not always linked to whether a part will
successfully 3D print, the data from this study suggests there are specific
ranges of dimensions, described as optimized wall zones and optimized fill
zones, which result in thin yet solid parts, printed with maximum machine
efficiency. For designers and engineers, these dimensions can be used to
specifically design for the FDM print process, optimizing the design before
any process parameters are modified at the final stage of production. What is
significant about Equations 1-4 is that they can be used to calculate the initial
optimized wall zones and optimized fill zones for any FDM 3D printer, since
the wall thickness setting in slicing software directly corresponds to nozzle
diameter, and the equations are based on this fundamental data. However,
future testing is needed to confirm this hypothesis, and to more broadly
understand how more commercial varieties of FDM technology, such as
Fortus machines from Stratasys, relate to these optimized zones given they
work with their own proprietary software.

Future research will also assess the magnitude of these factors across
different nozzles diameters, particularly as large area FDM machines with
build volumes measuring in meters emerge. Examples include the ‘BigRep
ONE’ (BigRep, Berlin, Germany) with a print volume of 1.005 x 1.005 X
1.005m (Cartesian style printer), the ‘Delta WASP 3MT’ (Wasp, Massa
Lombarda, Italy) with a print volume of @1 X 1.2m (delta style printer), and
the ‘Tractus3D T3500° (Tractus3D, Ammerzoden, The Netherlands) with a
print volume of @1 X 2m (delta style printer). Such printers feature nozzle
diameters larger than I mm, meaning a significant amount of material is being
continuously extruded, and potential time savings for large object prints may be
measured in days rather than hours. Optimization in these situations becomes
critical to productivity. Preliminary experiments on a BigRep ONE using a
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0.6mm diameter nozzle have proven successful, as shown in Figure 13, with
a part thickness of 0.8mm fitting within the calculated initial optimized wall
zone of 0.7-1.2mm (Equation 1-2), requiring no infill or inner wall structures.
This will form part of a follow up study with a range of nozzle diameters
available including Imm and 2mm on this printer.

While 3D printing bureaus like i.Materialise (2018) and Shapeways (2018)
recommend a minimum wall thickness of 1.0mm, the data from this study
suggests 1.0mm is not an efficient thickness in terms of printing speed on
a FDM printer with 0.4mm nozzle diameter. While these bureaus use more
sophisticated slicing software than Cura, they may also use a smaller nozzle
diameter which shifts the optimized zones in favor of 1.0mm, driven by the
need for fast and accurate prints within a commercial context. However, this
is speculative. For design engineers, this study highlights why it is necessary
to understand the end FDM production technology during design, and use this
knowledge to design specifically to produce the desired outcome, particularly
for thin parts where there is minimal room for error. An advantage of programs
like Cura is the ability to visualize print paths prior to printing, and iteratively
develop a design to make it more efficient for additive manufacture. While
Cura provides useful visualization tools and time estimates, not all software
provides such a print preview, with “plug-n-play” programs like UPStudio

Figure 13. Preliminary experiment 3D printing 0.8mm thick geometry on a BigRep
ONE with a 0.6mm nozzle
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(Tiertime, Beijing, China) for popular 3D printers such as the UP Plus 2 and
UP Box providing limited settings and visualizations to inform a designer;
therefore the data in this study is a valuable resource, with Figure 7 a quick
reference guide for any FDM 3D printer with a 0.4mm diameter nozzle.
Furthermore, Equations 1-4 offer a quick method to calculate optimal part
thicknesses for 3D printers with a different nozzle diameter.

This study utilized simulations to reveal patterns in FDM settings,
however, as mentioned throughout the discussion, the appearance of messy
and even failing infill or inner wall structures does not necessarily mean the
corresponding physical print will fail. Gaps in extrusion may reduce functional
strength properties, yet parts will most likely be successfully printed as long
as the outer wall is consistent, particularly in 2.5D parts which have minimal
geometric complexity requiring consistent layer infill in order to support
layers on top. Future research should consider the relationship between the
simulations from this study and the actual 3D printed outcomes, particularly
those less than 1mm thick which are most vulnerable to being dislodged
from the print plate during haphazard extruder movements or gaps in infill.

CONCLUSION

Using common fused deposition modeling printer settings, this study has
revealed important relationships between CAD geometry, STL resolution
and print settings that are critical when 3D printing thin geometries. New
data was collected from a study examining 111 STL files in the range of 0.4-
4.0mm in part thickness. The results reveal that specific ranges of dimensions,
described as optimized fill zones and optimized wall zones, result in thin
yet solid parts, printed with maximum machine efficiency, most notably a
faster print time compared to parts falling outside of these optimized zones
by only a fraction of a millimeter. The appearance of these zones follows a
regular repeating pattern as wall thickness settings increase, with the initial
optimized wall zone able to be calculated using Equation 1 (minimum) and
Equation 2 (maximum) using only the machine nozzle diameter as the input
data. A second optimized zone, called the optimized fill zone, can be further
calculated using Equation 3 and Equation 4 by inputting the intended nozzle
diameter and wall thickness setting of a FDM machine.
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The principal recommendation for design engineers from this study is to
apply these optimized dimensions early in the design process when FDM is
used as the final manufacturing method. The visual quick reference graph
generated for common 0.4mm nozzles, or Equations 1-4, will allow these zones
to be calculated and applied with clear understanding of how geometrically
accurate CAD files will be translated through the STL conversion process
and affect print quality and speed. Time savings in the order of 13-19%
were found in the basic test pieces by removing 0.1mm of part thickness to
fit within an optimized zone, while a time saving of 38% was recorded for
a more complex mesostructure part by counter-intuitively adding 0.1mm
of thickness to fit within an optimized zone. The second recommendation
for design engineers is to use medium to high resolution STL conversion
settings when exporting files from CAD software in order to maximize
the range of part thicknesses that are optimized for FDM printing. This is
particularly important for thin parts and geometries that are 2.5D in nature,
with low resolutions causing greater discontinuity in wall and infill details,
and a smaller range of optimized wall and infill dimensions. These specific
guidelines for the FDM production of thin geometries will help designers
implement optimization protocols during design development, just as they
would for other manufacturing technologies, rather than relying on print
technicians and manufacturers to modify process parameters outside of the
designer’s control in order to optimize production. Designing for additive
manufacture requires new knowledge and guidelines such as these to help
expedite adoption of the technology within industry, and train designers to be
fluent in the processes at work between digital design and final production.
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KEY TERMS AND DEFINITIONS

2.5D Printing: The use of 3D printing to produce a relatively simple
geometric form which can be described in a single orthogonal drawing and
extruded in a single axis.

3D Printing (Additive Manufacturing): A digital fabrication technology
that allows the production of an object by adding material layer-by-layer in
three dimensions.

Computer-Aided Design (CAD): The use of computer systems to assistin
the creation, modification, analysis or optimization of a design in 2D or 3D.

Fused Deposition Modeling (FDM) or Fused Filament Fabrication
(FFF): The most common form of extrusion-based 3D printing technology
that works similar to a hot glue gun; plastic filament is fed through a heating
element, where it softens and is extruded through a small nozzle, which can
move in 3D space to deposit the plastic layer-by-layer as it builds up an object.

Infill: Within the perimeter wall thickness describing a part, infill is the
material used to fill the interior space of a part, and can range from empty
(0%) to solid (100%) and gradients in between where infill patterns are used
to create solid and hollow zones within a part.

Slicing: The process of converting a three-dimensional STL file into
layer-by-layer information that can be 3D printed.

STL File: Originally short for Stereolithography file and now often
described as a Standard Triangulation Language file, this is the native 3D
file type exported from CAD software and imported into a slicing program
linked to a 3D printer. A STL file is a mesh made up of triangles describing
the exterior surface of an object.

Wall Thickness: Within the context of slicing, this is the thickness of the
perimeter of a part, directly proportional to the nozzle diameter e.g. a wall
thickness of 0.8mm requires two passes with a 0.4mm nozzle, or a single
pass with a 0.8mm nozzle. It may also be called the shell thickness.
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ABSTRACT

Three-dimensional printing has evolved into an advanced laser additive
manufacturing (AM) process with capacity of directly producing parts
through CAD model. AM technology parts are fabricated through layer by
layer build-up additive process. AM technology cuts down material wastage,
reduces buy-to-fly ratio, fabricates complex parts, and repairs damaged
old functional components. Titanium aluminide alloys fall under the group
of intermetallic compounds known for high temperature applications and
display of superior physical and mechanical properties, which made them
most sort after in the aeronautic, energy, and automobile industries. Laser
metal deposition is an AM process used in the repair and fabrication of solid
components but sometimes associated with thermal induced stresses which
sometimes led to cracks in deposited parts. This chapter looks at some AM
processes with more emphasis on laser metal deposition technique, effect of
LMD processing parameters, and preheating of substrate on the physical,
microstructural, and mechanical properties of components produced through
AM process.
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INTRODUCTION

Additive manufacturing (AM) technique, a process of fabricating component
parts from three-dimensional computer aided design (CAD) data has become
a modern and advanced manufacturing technique that continues to witness
tremendous improvements. Layer upon layer build-up are formed from the
computational instructions of CAD to fabricate required parts (Aliakbari,
2012; Herderick, 2011). This method used by AM technology makes it
possible to provide an alternative path as compared to conventional subtractive
manufacturing path like machining. The AM technique is able to provide
solutions toissues regarding global competitiveness facing the manufacturing
industries. Some of the advantages of AM include improved product quality,
customized product demand, low cost of production and reduce down time.

History of AM can be traced back to 1987 when 3D systems manufactured
the first stereolithographic equipment. The main goal of AM is to improve the
performance of fabricated parts through production cost, lead time and material
usage (Kobryn et al., 2006). Some of the AM techniques use lasers as primary
source of energy. These lasers provide fast heating and make it possible to
manipulate operation processes. This is because, convection forces created by
these lasers produce melt pool having the capacity to improve the diffusion
rate and make it possible for powders introduced onto the melt pool to mix
(Tlotleng et al., 2016). Common AM techniques available include: electron
beam melting, direct laser sintering, easyclad and laser metal deposition. This
chapter briefly explains some of these lasers AM techniques, their properties
and applications. More emphasis was made on laser metal deposition technique
of titanium aluminide, importance of preheating of substrate and effect of
laser deposition parameters on the quality of fabricated parts.

LASER ADDITIVE MANUFACTURING TECHNOLOGY

Recently, light amplification by stimulated emission of radiation (LASER)
gained more ground in different areas of applications. Laser is produced from
light or sometimes referred to as electromagnetic radiation and then amplified
(Singh et al., 2012). The ability of laser seen in it far reaching light travelling
properties and showing very little divergence made laser highly useful for
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different applications. The applications of lasers as constantly witnessed
in communication and office equipment (such as bar-code scanners, laser
printers, laser scanners and video players), medicine for surgery, military (for
locating and targeting) and in construction industries (for cutting, melting,
boring, etc.). Laser is unique in its ability to concentrate its energy to create
high energy intensities and remains almost the same over far distance due to
its low divergent property. The high intensity of laser beam makes it possible
to melt hard materials like metals within a short time. This useful ability of
laser beam is what is employed in laser AM technology, and makes it possible
to create melt pool on substrate on which metal powder is deposited.
Additive or layer manufacturing technology uses data from 3D model to
build near-net-shape components through layer upon layer build-ups. This
technique of manufacturing process is developing because of its ability to
reduce energy usage, material wastage and component lead time. It also has
the ability of fabricating complex and what seem impossible parts when
traditional production methods are to be used (Herderick, 2011). Laser metal
deposition process, an AM technology has the ability to produce near-net
dense structures with improved mechanical properties (Dinda et al., 2009;
Kobryn et al., 2006).The sophisticated ability of AM have made it possible to
be used in numerous applications including medicine, biomedical, aerospace,
automobile, defense, and energy generation (Abdulrahman et al., 2018).

PROCESSES OR TECHNIQUES OF AM

There are different AM techniques currently being used. The name of each
technique was given either by the company that developed the process or the
method of process employed. Some of these processes are discussed below.

Laser Beam Melting (LBM) or Selective
Laser Melting (SLM)

LBM, sometimes referred to as SLM, is the technique that has the ability to
directly produce intricate parts from metal powder via computer aided design
(CAD) model data. This is done by slicing the CAD model into tiny layers and
transferring the data generated to LBM machine for production. The form or
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geometric data of each sliced layer are transferred onto the powder bed in an
inert environment, where the surface area is scanned and a solid layer piece
is then produced. This process (shown in Figure 1) continues until the whole
solid part is produced from the sliced model layers. This process produced
parts with excellent mechanical properties when compared to that produced
by traditional process (Bremen et al., 2012). Research is still on going as to
the appropriateness of the process for series production.

Electron beam melting (EBM): The energy needed for melting in this process
comes from a high power electron beam. This process usually takes place in
a vacuum at high temperature. The electron beam supplied the temperature
needed for each layer of component to be achieved. Component produced
through this method are mostly free of residual stresses and their microstructure
are free of martensitic structures. Svensson et al., (2010) demonstrated the
fabrication of gamma titanium aluminide component using the EBM process.
3 KW power was used to melt the metallic powder (-140/4+325 powder size).
The components produced have fine grain size with minimal internal defects.
The EBM schematic set-up is shown in Figure 2.

Laser Metal Deposition (LMD)

The process employs the use of nozzle to directly deposits metal powder onto
a desired molten surface created by laser beam, where solidification of the
melted metal powder later takes place. The process has proven to be very
effective when compared to the method of selective laser melting. One of the
usefulness of laser metal deposition technique is it strength to concurrently
use multiple material to produce composite and functionally graded materials

Figure 1. Laser beam melting process
Source: (Bremen et al., 2012)

Deposition of powder layer Slicing 3 D-CAD volume model
= ¢ T
oy = I B | [L
] 2 : P
I Scanning S v
’_! [T-—]
Lowering the T B = Removal of component
p'a‘fo’m ‘\\} o e o
e | N —
= ‘:_A =
>y | —

168

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Additive Manufacturing

Figure 2. Schematic EBM process set-up

Source: (Svensson et al., 2010)
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(Balla et al., 2016; Mahamood & Akinlabi, 2017). The technique produces
high quality parts. Some of the other qualities of the process include it
ability of repair damaged parts, addition of new features on existing parts
and deposition control ability. The limitation of the technique lies in the size
of parts that can be produced as this mainly depends on the size of the LMD
machine. Schematic view of laser deposition process is shown in Figure 3.
Difficult to machine materials such as titanium and its alloy can easily be
fabricated using AM technologies.

TITANIUM AND ITS ALLOYS

Titanium is an impure oxide that was first found by William Gregor in 1791.
Mathew Albert Hunter in 1910 was able to produce titanium metal after
processing titanium tetrachloride and sodium. And by 1932, Wilhelm Kroll
produced large amount of titanium from titanium tetrachloride and calcium
and by 1948, Dupont Company became the first company to commercially
produce titanium (Peters et al., 2003b). Titanium is one of the most abundant
and one of the lightest metals known to man (Balla et al., 2016). Titanium has
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Figure 3. Schematic view of laser metal deposition process
Source: (Akinlabi & Akinlabi, 2016)
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low density, good strength, high resistant to corrosion and good resistance
to fracture. At high temperature, alloys of titanium are highly reactive with
atmospheric gases such as nitrogen, oxygen and hydrogen (Nurul Amin &
Shah Alam, 2012).

Titanium aluminide is an intermetallic compound classified under high
temperature structural materials with superior properties which make ithighly
applicable in automotive, aircraft engines and gas turbines (Lapin, 2009).
The unique properties of such intermetallic compound have been known to
include: high strength to low weightratio and good corrosion resistance which
is the main reason why they are mostly needed in the aerospace, chemical
and medical industries.

Titanium alloying process by adding other elements (such as Mo, Vn,
Sn, Nb, Cr, etc.) are done as a way to further improve the properties of the
titanium alloy. This action is seen when element such as tin are added to
produce Ti-5Al1-2.55n specifically for high temperature applications. Also
molybdenum, a -stabilizer have been added to titanium alloy to produce
Ti-7Al-4Mo (a+f) alloy suitable for high strength applications. Other alloys
that have been developed include Ti-13V-11Cr-3Al (B titanium alloy), Ti-
6Al-4V (a+p) alloy. Ti-6Al-4V alloy possesses superior properties and
despite being so expensive, still remains the most preferable titanium alloy.
The high cost of titanium alloy is one of the factors responsible for creating a
manufacturing process that will reduce and made rapid prototyping (additive
manufacturing) technique a viable alternative rout (Yvonni-Effrosyni, 2014).
Silicon has also been introduced (as a creep resistant enhancer) to titanium
alloy to form Ti-4Al-4Mo-2Sn-0.5Si1 (Lutjering & Williams, 2003). Other
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alloys that have been developed over the time include Ti-6Al-7Nb, Ti-5Al-
2.5Fe and Ti-48Al1-2Cr-2Nb. It is possible to achieve very high strength of
titanium alloys at higher temperatures but the high oxidation behavior at
maximum temperature application process makes it difficult to achieve,
which is why intense research are still on in the development of other titanium
alloys (Peters et al., 2003a).

RESEARCH WORKS ON LASER METAL
DEPOSITION (LMD) PROCESS

As earlier discussed, the laser metal deposition (LMD) process is one of the
techniques of additive manufacturing that is used to clad, repair, add new
feature or produce an entirely new part. The technique uses laser to create
melt pool on to which metal powder is deposited. Several researches are
being carried out in the deposition process using this technique because of
its numerous advantages.

Akinlabi and Akinlabi, (2016) did a research using LMD process to
deposit aluminum powder on titanium substrate. The depositions were done
at a constant laser power of 1 kW, gas flow rate of 1.5 I/min and scanning
speed varied from 0.5 m/min to 3 m/min. The research revealed that at a
lower scanning speed, alpha phase grains microstructures were observed.
While at higher scanning speed, beta phase grains were noted. It was however
noted that the laser-material interaction lead to changes in the geometrical
properties (like height, width and heat affected zone) of deposited samples.
The research summarized that increase in scanning speed lead to decrease
in the geometrical properties and also lead to increase in the microhardness
and corrosion rates of deposited samples.

In another research carried out by Yvonni-Effrosyni, (2014), the direct
laser metal deposition technique was used to study the effect of deposition
parameters on the mechanical properties and microstructure of deposited
samples. Ti6Al4V was deposited at 500 W laser power and other samples
re-melted at 600 W at scanning speed of 200 and 400 mm/min. The re-melted
samples revealed homogenous distribution of dendrites and the samples
deposited at 200mm/min has better surface roughness and hardness.
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Effect of deposition parameters in the deposition of pure titanium powder
using laser net-engineered shaping (LENS) process was studies by Hu et
al., (2016). Laser power, scanning speed and powder feed rates were varied
for the deposition sixteen layers of for each sample where first layers where
taken as substrate on which other layers were deposited. The outcome of the
work revealed that the height of deposits increases with respect to increase
in laser power, decrease in scanning speed and increase in powder flow rate.
The hardness of the deposited samples increases with respect to increase in
laser power and decrease in scanning speed. Also it was noted that increase
in powder feed rate from 0.5 to 1 rpm resulted to a sharp drop in hardness.

In the work of Yan et al., (2017), functionally graded material (FGM) was
produced using LMD process. Ti-48Al-2Cr-2Nb powder was deposited on
pure titanium substrate. The deposition process was carried out by varying
the incident energy input which is mostly responsible for crack formations in
deposited samples if not properly controlled (Ballaetal.,2016). The deposition
process uses high energy input at the beginning and later reduced to avoid
overheating. Scanning speed was kept at 600 mm/min while the laser power
was varied. Primary phases of «, a, and y were discovered within the alloy
gradient. Basket-weave microstructures were noted at the region where the
energy input was higher and lamella structure was seen at the final region
where the energy input has been reduced. Fine grain structures were noted at
the top due to increase in cooling rate from the top to the bottom of deposits
which account for the higher ultimate tensile strength achieved. Hardness
slightly increased as the percentage weight of Ti4822 increased in the region
and led to material brittleness.

DEPOSITION PARAMETERS IN LMD PROCESS

Deposition parameters or sometime referred to as processing parameters
in deposition processes play paramount role in the quality and properties
of fabricated parts. Proper understanding of the interaction of between the
parameters will ensure the right selection of deposition parameters needed
in the deposition processes (Bayode et al., 2018). As such, careful selection
and control of deposition parameters is paramount in ensuring that high
quality parts are produced. Most commonly employed processing parameters
in deposition processes include the spot size of laser, laser power, and laser
scanning speed and powder flow rate. These parameters are briefly discussed
below.
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Spot Size of Laser

The laser spot size plays a critical role in the laser deposition process. This
spot size is determined by the laser beam diameter which can be used to
influence the laser beam concentration on any particular spot. The relationship
between the spot size and beam intensity is inversely proportional. As such,
the smaller the spot size, the higher the beam intensity.

Laser Power

Laser power is another vital process parameter that plays an incredible role in
deposition process. This is because it is not only responsible for the creation
of melt pool but also play important role in the quality and properties of
deposited parts as it was clearly demonstrated in literatures (Sharman et al.,
2018; Yan et al., 2017; Yvonni-Effrosyni, 2014). Some of the work that have
been carried out clearly demonstrated that laser power apart from having
the ability to reduce cracks in fabricated parts also play tremendous role in
microstructural and mechanical properties of parts. This is because laser
power plays a role in laser-material interaction and rate of cooling in the
solidification process.

Laser Scanning Speed

Laser scanning speed is another deposition parameter that have been proven
to also have a great influence in the deposition process and in determining the
quality and property of deposited parts. Laser scanning speed is a parameter
used in describing the speed at which the laser moves along a desired path.
Just like laser power, laser scanning speed has a relationship with the laser
material interaction and rate of cooling in the solidification process. Sobiyi
etal., (2017) looked at the influence of laser scanning speed on titanium and
titanium carbide metal powders on titanium alloy substrate. The outcome
revealed that the heat affected zone (HAZ) increases with increase in scanning
speed and that the height of deposits also varied with the change in laser
scanning speed. It was also found that the microhardness of samples increases
with increase in laser scanning speed. However, the conclusion reached that
HAZ increased with increase in scanning speed might not be the case, because
increase in scanning speed means the reduction in energy density and will
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results to reduction in laser material interaction time. Therefore, it is logical
to think that there will be reduction in HAZ as the scanning speed increases.
Itis however good to note that the laser spot size, laser power and scanning
speed do have a relationship that connect them together. This is because the
three parameters central around energy input involve in the deposition process.
The interaction between these parameters gives what is referred to energy
density. This energy density is the total incident energy input per unit area
(Mazumder et al., 1999) and calculated with the equation below:

Energy density (E ) = V%

where the energy density (E)isinJ/mm?, laser power (P) in watt (W), scanning
speed (V) in mm/s and spot size dimeter (D) in mm. The energy density
therefore becomes a very crucial factor and its influence in deposition process
has well been established in literatures (Hu et al., 2016; Tang et al., 2007;
Zyl et al., 2016). The influence of energy density was also noted by Liu &
Dupont, (2004), that the increase in laser beam incident energy will result in
crack frequency decrease in deposited parts. This is because the cooling rate
is inversely proportional to laser heat input (Kou, 1987). The cooling rate of
any material in deposition process is largely dependent on laser heat input.

Powder Flow Rate

Powder flow rate referred to the amount of powder flowing out to the deposition
zone per unittime. [t normally carries the unit g/min and sometimes revolution
per minute (rpm). The flow ability of any metal powder mainly revolves
around its morphology and particle size. Spherical shaped metal powder is
believed to be most preferable for laser metal deposition process because
of its ability to react with laser beam better (Schade et al., 2014). Some
literatures have discussed on the influence of powder flow rate in deposition
processes. Powder flow rate have been proven to have an effect on material
efficiency and dimensional accuracy of laser deposited parts (Kumar et al.,
2014; Schade et al., 2014). Powder flow rate have also been investigated to
affect the resistance of deposited parts (Saboori et al., 2017; Shukla et al.,
2012). Other property such as surface roughness can also be affected due to
powder flow rate as noted by Shah et al., (2010).
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ESSENCE OF PREHEATING IN LMD PROCESS

Different researchers continue to stress the importance of preheating
especially in the LMD process of titanium aluminide parts. This is because
LMD process involves rapid heating and cooling which sometimes resulted
to residual stresses in fabricated parts and made them highly susceptible to
cracks. To prevent or reduce cracks in LMD processes, careful control of
process parameters and preheating are mostly recommended. As such, several
works that have been carried out on laser deposition additive manufacturing
of titanium aluminide all agreed that it is quite impossible to fabricate parts
that are crack-free, unless additional heating system is provided which may
be in the form of an induction coil or a heating bed to control the cooling rate
(Sharman et al., 2018). In the study carried out by Liu & Dupont, (2004),
it was discovered that thermal cracking can only be reduced by increasing
incident laser energy through the use of higher laser power and lowering
the laser scanning speed. This action only reduces the thermal cracking
and to completely eliminate cracking, it was recommended that additional
heating system should be provided to preheat the substrate to 450°C before
commencing the deposition.

EXPERIMENTAL CASE STUDY OF LMD OF
TITANIUM ALUMINIDE (TI-4822-4)

There are currently few studies on the fabrication of titanium aluminide (Ti-
48 Al-2Cr-2Nb or simply known as Ti-4822-4 according to manufacturer’s
label). These limited studies currently show limitations in its usage as more
still need to be known in terms of its properties and suitability in different
applications. Most of the studies are geared to finding optimum processing
parameters, studying the emerging properties and fabricating crack-free parts.
This is because titanium aluminides are crack sensitive materials (Brueckner
et al., 2015).

Studies done by Weishiet et al., (2000) on TiAl revealed that lowering the
power density and laser scanning speed only reduced the cracking and did
not totally eliminate it and that cracking could only be prevented through
preheating of substrate to about 400°C. The work of Srivastava et al., (2000)
revealed that the continuous increase in the built height of TiAl strips keeps

175

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Additive Manufacturing

led to increase in length and frequency of cracks which is often linked to
residual stress produced by high thermal gradient. As such, different attempt
made researchers to conclude that it is impossible to produce TiAl parts that
are crack-free except when an additional heating system is provided in the
laser deposition process (Sharman et al., 2018).

In the experimental case study that is about to be discussed, TiAl powder
has been deposited on preheated pure titanium substrate (CP-T1) via laser
deposition process called laser engineered net shaping (LENS) technique.
Studies on quality of deposits, microstructure and microhardness have been
carried out.

MATERIALS AND METHODS

In this study, spherical shaped TiAl powder of particle size range of 45 to 150
um gotten from Praxair surface technologies USA was deposited on CP-Ti
(of size 10 x 10 x 6 mm) substrate. LENS 850R laser machine at Council
for Scientific and Industrial Research (CSIR), Pretoria, South Africa have
been used for the deposition process. The elemental composition of the metal
powder used for the deposition is shown in Table 1. The substrate was first
sand blasted and cleaned with acetone to remove the oil deposit and other
impurities that may be on it after which the substrate was preheated to 450°C
before the deposition was started using a spot size of 1.4 mm. Deposits of
five layers were produced according to parameters highlighted in Table 2
while the powder flow rate was kept constant at 2.8 g/min.

After the depositions, a digital Vernier caliper was used to measure the
heights of each deposit, to determine the relationship between deposition
parameters and height of deposits. The deposits were later section
perpendicularly and prepared using standard metallographic procedure for
titanium alloy (Taylor, 2015). A Tescan scanning electron microscope was
used to analyze the microstructure of deposited samples. The microhardness of
deposits was determined using a Vickers microhardness tester. Microhardness

Table 1. Metal powder elemental composition

Aluminum Chromium Niobium Other elements, Total Titanium

34 2.6 4.8 <0.10 Balance
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Table 2. Deposition parameters

Sample designation Laser power (KW) Scanning speed (mm/s) Energy input (J/mm?)
0.40 3.17 90
B 0.45 3.17 101
C 0.40 2.65 108
D 0.45 2.65 122

measurements were taken by applying a load of 500 g over a dwelling time
of 15 s to specimens from top to bottom at 0.5 mm interval.

RESULTS AND DISCUSSION

After the deposition process, the physical examination of the deposits with
naked eye, revealed the presence of micro-cracks on deposited sample A (as
showninFigure4a) and C. After the samples were examined under the scanning
electron microscope (SEM), the result revealed that increase in energy input
(increase in laser power from sample A to B and reduction in scanning speed
from sample C to D) led to tremendous decrease in micro-cracks. Table 3
gives the deposits height and microhardness of deposited samples.

From Table 3, it is clear that increase in laser power or reduction in
scanning speed in the deposition process influenced the outcome of heights
and microhardness of deposited samples. Increase in laser power form 0.4
W to 0.45 W and reduction in scanning speed from 3.17 mm/s to 2.65 mm/s
resulted in a corresponding increase in deposits height. Also, reduction in
microhardness was witnessed when the laser power was increased from 0.4 W
t00.45 W atscanning speed of 3.17 mm/s. The relationship between deposition
parameter and height and microhardness of deposits can be linked to the laser
material interaction and rate of cooling experienced in the deposited samples.

Table 3. Height and microhardness of deposits

Sample designation Deposit height (mm) Deposit microhardness (Hv)
A 1.6 565
B 2.1 536
C 2.3 550
D 2.7 560
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Figure 4. Shows the (a) Cross sectional image of sample A (b) Phase transition in
sample B (c) microstructure of sample A and (d) microstructure of sample B
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Figure 4b shows a transition phase of sample B characterized by needle-
like (columnar) grains and witnessed across all the deposited samples. The
transition layer observed between the substrate and the deposit show a good
bonding between the materials. The SEM result show that the samples (as
shown in Figure 4c and 4d) are characterized with dendrites and pores which
reduce as the laser power increases and scanning speed reduces. Considerably,
a homogenous microstructure comprising of lamellar y-TiAl and o -Ti,Al
regions were obtainable in the deposits.
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CONCLUSION

Laser metal deposition (LMD) is an additive manufacturing technique that
has proven to be very effective in the production and repair of parts. However,
the parts formed through the technique are prone to cracks to due to residual
stresses. Cracking in deposited samples can be reduced or eliminated by
careful selection of processing parameters and provision of additional heating
system. This chapter has clearly looked at some of the AM processes with
more attention on laser metal deposition (LMD), effect of LMD deposition
parameters and preheating on the physical, microstructural and microhardness
of components produced through the process. The outcome of a case study
revealed that increase in input energy and preheating of substrate can hugely
reduce cracking. The outcome also revealed that process parameters also
have a great influence in the microstructural and mechanical properties of
deposited parts.
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Chapter 9

Optimization of Additive
Manufacturing for
Layer Sticking and

Dimensional Accuracy
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ABSTRACT

When the 3D printing process is considered, there are also other parameters,
such as nozzle size, flow rate of material, print-speed, print-bed temperature,
cooling rate, and pattern of printing. There are also dependencies that will be
addressedin between these parameters; for example, if the printing temperature
is increased, it is not clear if the viscosity of the material will increase or
decrease. This chapter aims to explain the effect of printing temperature on
layer sticking while dimensional accuracy is achieved. Theoretical modelling
and experimental testing will be performed to prove the relationship. This
type of formulation can be later adapted into a slicer program, so that the
program automatically selects some of the printing parameters to achieve
desired dimensional accuracy and layer sticking.
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INTRODUCTION

Additive manufacturing is gaining importance in mechanical design processes
since it allows an easy way of prototyping. However, even though 3D printers
are becoming more common and easy to use, the relationship in between the
printing parameters and the part properties is not clearly known.

In this chapter, the strength of the part is defined as the sticking of the
layers to each other. The effect of the printing parameters, namely print
speed, print temperature, fan speed and layer height, to the layer sticking is
experimentally tested.

3D printing technology has been defined as to have transformative
implications (Jong & Bruijn, 2013). In the current literature there are several
works on this topic. Some of the hot studies are fabrication procedures in
rapid prototyping (Suresh & Narayana, 2017), surface characterization
(Boschetto, 2017), laser additive manufacturing (Mahamood & Akinlabi,
2017), laser metal deposition process (Mahamood, 2017) and production of
fully functional 3-D printed components (Kocovic, 2017). There are studies
on ABS material and in these studies the results of injection molded parts
with FDM printed parts were compared. The injection molding showed higher
resistance to the impact, hardness, and tensile fractures than the 3D printed
parts did. Moreover, their study also includes the 3D printed parts printed at
different layer heights. It is also experimentally concluded that the decrease
in layer height resulted in parts with higher strength (Pritish et al., 2016).
Moreover, the build parameters of low print speed and small layer height
resulted in the most resistance to flexural and tensile fractures (Christiyan
etal., 2016). This is explained by better layer sticking under low print speed
and small layer height. The increase of nozzle head temperature resulted
in higher tensile fracture resistance (Behzadnasab & Yousefi, 2016). It is
also proved that increasing the layer thickness decreases the tensile strength
(Vaezi & Chua, 2011).

The effect of build orientation, layer thickness and feed rate on mechanical
properties has been studied in (Chacon et al., 20170 and proven that build
orientation also plays a vital role on the mechanical properties of a 3D printed
part.

The effect of cooling air speed is studied in (Lee and Liu, 2019) and the
dimensional accuracy and the strength of the part is measured. It has been
seen that increasing the cooling air speed decreases the dimensional accuracy
but improves the part strength.
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The effect of layer thickness on the strength of parts made with ABS and
manufactured by fused deposition is studied in (Rankouhi et al., 2016). The
research shows that decreased layer thickness increases the strength and this
information should be taken into account for the manufacturing of the load
bearing parts.

Binder jetting additive manufacturing process parameters such as saturation
level, power level, drying time and spread speed have also been studied in
order to find the effects of these parameters on strength and dimensional
accuracy (Miyanaji et al., 2016). For Selective Laser Melting, a type of
additive manufacturing method, parameters have been studied in (Hanzl etal.,
2015) to measure the effect on the strength of the manufactured part. Laser
power, scan speed, layer thickness, overlap rate and building direction were
the parameters that have been studied.

This chapter focuses on the optimization of parameters that result in
an optimum strength provided by inter-layer sticking of printed layers. An
experimental approach is adopted, and obtained results are theoretically
analyzed to find the reason for different behaviors exhibited by the specimens.
The 3D printing mechanism adopted is Fused Deposition Modeling (FDM).
The material used in experiments is PLA with 2.85mm diameter. The CURA
slicing software is used and the specimen are printed by an Ultimaker GO2
3D printer. The following part of the chapter explains the experiments and the
test results showing the effect of 4 different parameters on inter layer sticking.

LAYER STICKING OF 3D PRINTED PART

The strength of the 3D printed part is influenced by many factors. The most
important is the mechanical properties of the material. However, there are
other parametric influences that also function in deciding the strength of
the part. In FDM 3D printing, the printer prints the part in layer-over-layer
structure. Therefore, in a FDM printed part, the strength of the material
also depends on the strength of the bonding between layers. This strength
depends on the composition of the material and can only be changed at the
time of manufacturing. However, the strength rendered by the layer-sticking
or layer-bonding in the part can be altered through the different parametric
controls provided by the slicing software. In this chapter the strength of the
part due to the slicing parameters is experimentally measured. The strength
of the printed part offered by the inter-layer sticking will simply be referred
to as strength in the rest of the chapter.
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As a slicing software, CURA offers a number of parameters to the user
to choose from. The general purpose that a parametric section serves and its
general effect on the printing is summarized in the Table 1 below.

Table 1 gives a general idea to the reader about the parameters offered by a
slicing software. However, in the later part of this chapter specific parameters
and their effect on inter layer sticking are explained.

The aim of this chapter is to establish experimentally the responsible
parameters that cause a sensitive effect on the strength of the printed part.
A 3 Point Bending Test (3PBT) was performed on different specimens to
measure the respective force at fracture. Therefore, the experiment was
modeled to be conducted on specimens printed with effective parameters.
The effective parameters were then tested on their rational extreme values
and the optimum in-between value. The parameters that exhibited effective
impact were selected - Table 2. Each parameter was tested separately by
keeping all the other parameters constant at recommended defined values
by the software.

Effective Parameters
The parameters that are tested and have an effect on the printed parts’
strength are: print speed, print temperature, fan speed and layer height. Each

parameter was tested on 4 different values, and each test of a given value
was repeated 3 times. The general overview of the effect of each effective

Table 1. Parameters of custom settings in CURA

Parametric

Section Purpose / Effect

The layer height, layer thickness, and other parameters affect or may affect the quality of
Surface Quality | the printed part in terms of surface quality and surface smoothness. Layer height and layer
thickness can be changed via the slicing software.

A shell is the wall’s thickness, the outer wall’s wipe distance, the outer wall’s thickness, top/
Shell bottom print pattern, and other parameters that deal with the shell of the part. The shell can be
roughly considered as the outer unit holding the inner unit, the infill.

The infill is the inner unit that fills the outer unit (shell). Infill density (up to 100%) and infill

Infill - . Lo .
pattern are some prime options offered in this section.

The material flow properties can be changed. The program offers the ability to set the material

Material flow rate and material retraction rate at the initial position.
Speed The user sets different speeds. The important ones are print speed and travel speed. Print speed
P can be adjusted from 10 mm/sec to 100 mm/sec, while travel speed can go up to 250 mm/sec.
. Cooling is achieved by the fan and its speed can be selected at the initial position or for
Cooling . .
minimum layer time. Fan speed ranges from 0 to 100%.
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Table 2. Effective parameters and their general effects on the printed part

LB Effect on Printing
Parameter
This parameter deals with the amount of material deployed per unit time. The greater the
Print speed print speed, the lesser the time to print is required. However, very high print speed may result
P in poor surface quality of the printed part. Print speed can be adjusted from 10 mm/s to 100
mm/s.
This parameter deals with the nozzle temperature from where the material is extruded. The
Print melting temperature for PLA is 185 Celsius, and the optimum temperature defined by the
temperature material manufacturer is 195 to 240 Celsius. Print temperature affects the viscosity of the

material.

This parameter deals with the cooling part of the system. The nozzle head and the printed part
Fan speed get heated up and there is a need of fans to exhaust the heat. The fan speed can be adjusted
from 0 to 100%.

This parameter deals with the height of each deployed layer. It varies from 0.04 to 0.32 mm.
By changing the value from low to high, quality parts in terms of surface smoothness are
printed. The layer height also affects the time of printing. A smaller layer height will result in
more time required to print the part.

Layer height

parameter is briefed below in Table 2 to give the reader a general overview
of the effective parameters.

Specimen

The specimen selected to test the parametric influence on inter-layer sticking
were all of the same design. The Figure 1 shows the dimensions of the specimen
used in the experiments. Moreover, to ensure better accuracy all the specimens
were printed on the same printer using the same material batch, and at the
same positional augment. The positional coordinates were the center of the
build plate. All the specimens were printed with 100% scaling in all 3 axes.

Experimental Details

All the materials were 3D printed with the dimensions explained above. In
order to determine the effects of each different process parameter on the

Figure 1. Technical drawing of the specimen

10 mm 40 mm

10 mm
ww of
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strength of the printed materials were tested. Standard 3 Point Bending Tests
(3-PBT) were conducted using Shimadzu 3 point bending experimental setup.
In 3PBT, the specimen is placed flat symmetrically on 2 edge-rests and the
third edge applies the force at the center of the specimen. The tests were
displacement controlled and the rate of change in the force per distance was
set to 2N/mm for each specimen. After the tests, the force at the fracture was
recorded for each specimen.

All specimens were printed with the same inner mesh pattern. The mesh
pattern was coplanar and continuum. Therefore, it enabled the inter-layer
fracture in order to obtain the strength of the part due to the layer sticking
only. Each fractured specimen was observed and analyzed afterwards to ensure
that the fracture occurred at the inter layer and at the middle of the part. It is
essential to ensure that inter layer fracture takes place because if the fracture
occurs at the intra layer then the material strength is also an active parameter
in showing resistance to the failure. The Figure 2 shows the 3 Point Bending
Test machine used in the experiment.

Results
This section of the chapter focuses, in particular, on the effect of each effective
parameter on the strength of the printed part for inter layer sticking. In the

following Figures from 6 to 9 and the equations from 1 to 4 formulate the
current graphs.

Figure 2. 3 Point bending test a) Machine, b) Specimen during testing
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Print Speed

As shown in Figure 3, the print speed is tested at 4 different values: 10, 35, 60
and 100 mm/s. A general trend can be discerned from the average values. When
the print speed decreases, the strength of the part also decreases. However,
in the middle values the specimen exhibited a higher resistance to fracture.
The Figure 3 shows the correlation of the force at fracture vs print speed. A
third order polynomial is also formulated as shown in the Equation 1 below:

F(P)=0,0049 P’ —1,1247 P>+ 74,229 P_- 265,77 (D
where P _is the print speed and F(P,) is the force at fracture due to print speed.

When the print speed is slower than 40mm/sec, the previous layer dries
when the new layer is being poured and this causes a loss in the connecting

Figure 3. Force vs. print speed
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bonds. When the print speed is higher than 60mm/sec, the previous layer
does not have enough time to solidify causing loss in the layer connection.

Print Temperature

As shown in Figure 4, the print temperature is tested at 4 different values:
195, 210, 225 and 240°Celsius. Increase in the print temperature at first
increases the strength and then decreases it. However, in the middle values
the specimen exhibited an increasing resistance to fracture. A third order
polynomial is also formulated as shown in Equation 2:

F(P) = -0,0437 P? + 28,181 P2 - 6025,2 P, + 428528 )

where P is the print speed and F(P) is the force at fracture due to print
temperature.

At lower print temperature the material dries too fast for the following
layer to stick on it. Whereas at the higher print temperatures (greater than

Figure 4. Force vs. print temperature
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230° Celsius) the material does not have time to dry before the following
layer is extruded.

Fan Speed

The 4 values that were chosen for fan speed were: 0, 25, 50 and 100%. Since
the deployed layer could not dry before the next layer is printed over it, at 0%
fan speed the part cannot be manufactured. Figure 5 shows test values starting
from 25% and ending with 100%. Figure 5 and Equation 3 below represent
the general trending behavior of fan speed on fracture force:

F(f) = 0,067 £~ 11,306 f + 1800,5 3)

where f_is the fan speed and F(f) is the force at the time of fracture due to fan
speed. Increasing the fan speed decreases the fracture force proportionally.

Layer Height

The layer height was tested at values of 0.05, 0.1, 0.2, and 0.3 mm. The
general trend, as shown in Figure 6, is exponential decrease. However, in
the middle range of 0.2 to 0.3 the values undergo a saturation. This means
that the decrease in layer height results in a n increase in strength of the part.
The relation in between the strength of the part and the layer height is given
in Equation 4:

F(l,) = 19616913 - 7021612 146,41 + 1728,6 4)

where 1 is the layer height speed and F(1,) is the force at fracture due to layer
height. It is observed that it is better to have a smaller layer height for higher
fracture resistance.

By using the Equations from 1 to4, which were found based on experimental
findings, a user can find the corresponding force at fracture for any given
values of process parameters. These parameters are namely; print speed, print
temperature, fan speed and layer height. Therefore, a user can determine the
force at fracture before printing the part and can prevent unexpected failures
and improve the integrity of the manufactured parts.
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Figure 5. Force vs. fan speed
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Dimensional Accuracy

The dimensional tolerance is defined as the degree of disagreement in terms
of dimensions between the fed design and the manufactured product. In FDM
3D printing, the tolerance is dependent on the printer and the nozzle size of
the printer, and the geometry and size of the part. The dimensional accuracy
in this research was distributed over two sections.

1. The conventional tolerance error range of the printer.
2. The tolerance error caused by the effective parameters.

The smaller printers usually have less tolerance error compared to bigger

printers. In the experiment, the GO 2 by Ultimaker was used which is the
smallest printer in the Ultimaker 3D printer family. There was no conventional
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Figure 6. Force vs. layer height
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tolerance error found in printed specimen. This further implies that there
was no tolerance error found caused by effective parameters. The size of the
specimen was small enough to experience zero tolerance error.

CONCLUSION AND FUTURE WORK

3D printing is getting more common with the advancements of printing
machines and materials. When the mechanical engineering design process is
considered, the designer should know the properties of the material to be used
at the time of designing the part. For conventional engineering materials such
as aluminum or steel, properties such as yield strength, density or thermal
resistance is very well known. However, there is not enough information
in the literature about the physical properties of 3D printed parts. For the
material, such as a given filament, properties are known but the properties
of the manufactured part show different characteristics depending on the
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selection of the printing parameters. In this study layer sticking is considered
as the strength of the part and the relations in between the 4 different printing
parameters to strength are experimentally found. From this work the following
conclusions can be drawn:

1. Print speed of 40 mm/sec to 60 mm/sec gives the best layer sticking
result.

2. Print temperature of 230° Celsius causes better layer sticking.

Layer sticking is inversely proportional to the fan speed.

4. The smaller the layer height, the higher the layer sticking.

»

As future work, we believe that there is a need for a study to understand
the effects of 3D printing parameters on the final product to form graphics
like Ashby Charts. These charts will help the designers to choose 3D printing
parameters more consciously.
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ABSTRACT

Fused depositionmodeling (FDM) is one of the emerging rapid prototyping
(RP) processes in additive manufacturing. FDM fabricates the quality
prototype directly from the CAD data and is dependent on the various
process parameters, hence optimizationis essential.Inthe present chapter,
process parameters of FDM process are analyzed using an integrated
MCDM approach. The integrated MCDM approach consists of modified
fuzzy with ANP methods. Experimentation is performed considering three
process parameters, namely layer height, shell thickness, and fill density,
and correspondingresponse parameters, namely ultimate tensile strength,
dimensionalaccuracy,and manufacturing time are determined. Thereafter,
optimizationof FDM process parametersisdoneusingproposed method.The
result shows that exp.no-4 yields the optimal process parameters for FDM
and providesoptimal parametersaslayer height of 0.08 mm, shell thickness
of 2.0 mm and fill density of 100%. Also, optimal setting provides higher
ultimateTS, good DA, and lesser MT as well as improving the performance
and efficiency of FDM.
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INTRODUCTION

Rapid prototyping (RP) or additive manufacturing (AM) is one of the
important techniques to build a prototype for components using while
productdevelopment.Thesecomponentscanbeusedinassemblies, product
testingandtoolingforthe shortormediumrunproduction.Therearevarious
additive manufacturing processesareavailable whichinclude selective laser
sintering (SLS), stereo lithography (SLA), ink jet modeling (IJM), direct
metal deposition (DMD), fused deposition modeling (FDM), laminated
object manufacturing (LOM), solid ground curing (SGC) and 3D plotting
etc. Amongthevariousadditive manufacturing processes mentioned above,
fuseddepositionmodeling(FDM)ismostusedadditivemanufacturingprocess
for building prototypes because of the less time consuming and its ease of
operation. Since there are wide applications are involved by using the FDM
process,thequalityofthe prototypesandcostofthe productdevelopmentare
becomeimportantfactors.Inmanyengineering applications, qualitiesof the
prototype like surfacefinish, strength, dimensionalaccuracy areimportant
factors.Sincethe properties of the fabricated products changing by varying
the process parameters, the optimal combination of the process parameters
isrequiredforbetter quality productsinboth technologicaland economical
view. So, the optimization of the FDM process parameters is required for
quality productfabricationinlesstime.Thevariation of the qualityand other
functional propertiesofthefabricated productsaccordingtotheusability can
be done by using optimization.

The evolutionary approach, bacterial foraging technique, was used to
predicttheoptimal parametersettingsandalsostudiedfiveimportantprocess
parameterssuchaslayerthickness, orientation, rasterangle, rasterwidthand
airgap have been considered to study their effects on three responses viz.,
tensile, flexuralandimpactstrengthofthetestspecimen.Thebacterialforaging
techniqueisusedtosuggesttheoretical combinationof parametersettingsto
achievegood strength simultaneouslyforallresponses (Pandaetal., 2009).
Another researcher (Mohamed et al., 2016) described the effects on build
time, feedstock material consumption and dynamic flexural modulus using
Q-response methodology were studied influence of critical FDM parameters
are layer thickness, air gap, raster angle, build orientation, road width, and
number of contours are studied. The results show that Q-optimal design is
avery promising methodin FDM process parameter optimization and also
confirms the adequacy of the developed models.
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Anexperimental study carried outtoinvestigate theindependent effect
ofeach processing parameteronthemechanical propertiesand dimensional
accuracy repeatability of FDM parts.This research approach utilizesatensile
test per ASTM D638 standards to obtain the mechanical properties of each
fabricated sample.Inaddition, the research work provides a Finite Element
Analysis (FEA) modelfor AM parts (Alafaghanietal.,2017). Many researchers
in the past (Kumar et al. 2016; Raju et al., 2014; Lee et al., 2005; Nidagundi
et al,, 2015; and Basavaraj et al., 2017) have deliberated the experiments
usingTaguchimethod and studied the effectiveness of response parameters
using analysis of variance (ANOVA). The study carried out (Sood et al,,
2010)fivesignificant process constraints such as layer thickness, orientation,
raster angle, raster width and air gap are measured and their influence on
thereactionssuchastensile, flexuralandimpact strength of testundergone.
The validity of the models are tested using analysis of variance (ANOVA)
andthe conceptofdesirabilityfunctionis used formaximizingall responses
simultaneously. The experimental work on the cause of the main FDM
process variable parameters namely, layer thickness (A), air gap (B), raster
width (C), contour width (D), and raster orientation (E). The novel ABS-
M30i biomedical material was used in this research work to build parts.
Experiments were conducted using Taguchi’s design of experiments with
two levelsforeachfactor.Theresults are analyzed statistically to determine
the significant factors and their interactions (Kumar et al. 2014). Taguchi’s
L9 orthogonal array with one replication has been used as an experimental
designandthenanalysis of variance (ANOVA) hasbeen applied todetermine
thesignificant parametersand their contributionsonresponsevariables.The
Taguchimethod hasbeen combined with grey relational analysis for multi-
characteristic optimization and also, the results are validated with the help
of confirmation experiments (Pradeep etal.,2018). Additive manufacturing
processesare employed to create physical models from three-dimensional
(3D) computer-aided design (CAD) math data. A model that generates an
optimal solution (minimum material, minimum build time, etc.) needs to be
developedbyusingthe Genetic Algorithmapproach (Villalpandoetal.2014).
The Geneticalgorithmbased strategyis used to obtain optimum orientation
of the parts for additive manufacturing process (Phatak & Pandee, 2012).

Afewresearchers have utilized grey Taguchi method to obtain optimize
the process parametersforgood dimensionalaccuracy (Anoopetal.,2009).
Greyrelationalanalysisandfuzzy technique of order preferencebyasimilarity
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to ideal solution (fuzzy TOPSIS) methods are used for selection of rapid
prototypingsystemsincludingbothbenefitandnon-benefitcriteria.lthasbeen
concluded that selective laser sintering (SLS 2500) is the most appropriate
RP system for betterdimensionalaccuracy and surface quality whereas 3-D
printing (Z 402) is an appropriate RP system for better build time (Siba &
Narayan, 2013).The effect of five process parameters such as layer thickness,
partbuild orientation, rasterangle, airgap,andraster width along with their
interactions has been studied using Taguchi’s L27 orthogonal array. It has
beenobservedthatoptimalfactorsettingsforeachperformancecharacteristic
such as percentage change in length, width, thickness, and diameter are
different. The results show overall dimensional accuracy is predicted using
artificial neural network (Sood et al., 2014). Ananya et al., 2018, discusses
micromachining on Electric Discharge Machining, its working principle,
and problems associated with it. Solution to those problems is suggested
with the addition of powder in dielectric fluid. The optimization of Material
Removal Rate (MRR) is done with the help of ANN toolbox in MATLAB.
Aninferenceengineisdevelopedto performtheinference operationsonthe
rulesforfuzzy prediction model based on Mamdanimethod.The predicted
resultsareingoodagreementwiththevaluesfromtheexperimentaldatawith
average percentageerroroflessthan4.5 (Sahuetal.,, 2013).Thestudyfocused
(Vinodhetal.,2011) onfuzzy analyticnetwork process (fuzzy ANP) approach
hasbeenusedforthe supplierselection process.Theresults of the validation
study indicated that the application of fuzzy ANP is practically feasible and
adaptableinthe contemporaryindustrial scenario.Theresearcher(Jagadish
& Ray, 2014) proposed a novel method in multi-objective optimization on
the basis of simple ratio analysis (MOOSRA). A case study of cutting fluid
selectionforgearhobbing process was presented to validate the proposed
model.TheobtainedresultusingMOOSRAhasbeencomparedwith Analytical
Hierarchical Process (AHP) and Decision Making Framework (DMF). The
result shows that Syntilo 9930c is optimal in comparison with other. A few
researchersillustratedanoverviewofapplicationsofsomeMCDMmethodsfor
optimizationfollowedbydetailedfundamentalaspectsofoptimizationissues
ingreenmanufacturing.Theworkproposedanintegrated methodconsisting
of AHP coupled with MOORA and validated through an experimental case
study carried out (Bhowmik & Jagadish, 2017) and AHP (Borah & Jagadish,
2018) have been used for the optimization.
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The above literature review suggests that the optimal combination of
process parameters results the better quality and functional properties of
the products. Also, as we calculate the different combination of the criteria
/ response parameters like strength, surface finish, process time, accuracy
of the products and process energy the problem become more complex.
Theabove optimization methods have not considered inter-relationship of
the criteria while fabrication using AM techniques. The complexity of the
combinationof criteria/response parameters occurs because of thedegree
of requirement of certain criteria/ response parameter while fabrication of
the products. For example, there is a need of good dimensional accuracy
whilefabricating the prototypefor precision measuringinstrumentand poor
dimensionalaccuracyis sufficientfor the prototypes use fordaily needs etc.
Likewise,as we considereach criteria/response parameter whilefabricating
the products in FDM there is a necessity of flexibility in decision making.
So multi-criteria decision making is required for optimizing the process
parameters for better outcome of the results. In the present study a hybrid
multi-criteriadecision-making techniqueis utilized to overcome theabove
limitations referred from above literature.

The chapter sections are organized as follows: Proposed Methodology,
Experimental Details, Testing and Analysis of the Fabricated Samples,
Modeling of the FDM Process Using Modified Fuzzy Analytical Network
Process, Results and Discussion, and Conclusion.

PROPOSED METHODOLOGY

In this section, modified Fuzzy-ANP (M-FANP) for optimizing the process
parametersof FDM processforbetterquality productfabricationisdiscussed.
Here, modified Fuzzy theoryisused to define theflexibility of criteriaweights
withthehelpoflinguisticvariablesandtohandlevaguenessinformationwhile
ANPis used optimization of AM process considering theinter-dependency
relationshipamongthecriteria/response parameters.The detailed steps of
the proposed method are explained as follows:

Step 1: Evaluation of Pair-Wise Comparison Matrix

Optimization of AM process is starts with the formulation of pairwise
comparison matrix. It includes no. of criteria’s as process parameters and
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correspondingalternativesasresponseparameters.Thepairwisecomparisonis
donebetweenthecriteriaandcriteria, criteriaandalternatives,andalternatives
and alternatives using modified Fuzzy theory. The pairwise comparison
between the n no. of criteria is determined using following equation.

gl a, L alnt:
1 L a b
W = %21 2“E(n:1, 2,3...X) (M
éM M O ML
é C
gln anZ L l E

where,a ,representsrelativesignificance of criteria 1 oncriteria2;a ,denotes
therelative significance of criteria 2 on criteria 1; nis the number of criteria.

Step 2: Determination of Relative Fuzzy Weights

In this step, the relative fuzzy weights for each of the criteria are done
using normalization process. Geometric mean method isemployed forthe
normalization via geometric aggregation of the criteria’s values [17] using
Eq.(2).Then, aggregated fuzzy values for each of the criteria are converted
intobestnon-fuzzy aggregated valuesusing Eq. (3).Inthelast step, relative
weights of the criteria AM process is done using Eq. (4).

GA = cLlj:C)

=1

L

[l

k k
omy=0mgu =0 u, (2)
1 1

BNP.
W, = o—l(FOI‘ |:1, 2, 3....n) (4)
* 4 BNP,

where, | is smallest likely value, m is most likely value and u is largest value
ofthefuzzyevent.a, b, crepresents smallest, mostlikely and largest possible
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fuzzy weights respectively. The BNP indicates best non-fuzzy aggregated
value; w, is the precise fuzzy weights for each of the criteria.

Step 3: Consistency Index Check

The calculation of the consistency index is required to know the pairwise
comparisonmatrixwhetheracceptedornot.Saaty[18]proposedthefollowing
Eq.(5)and Eq.(6) to measure the consistency of the reciprocal matrix called
consistency index (Cl) and constancy ratio (CR) respectively.

CI= = — (5)
n-1

CR:C—I (6)
RI

where, Cl represents the consistency index, nis order of the matrixand }\max
represents maximum Eigen value in the pairwise comparison matrix. The
randomindexvaryingbytheorderofthematrix. Asmentionedintheliterature
(Barzilai, 1997), the pairwise comparison matrix is accepted when CR< 0.1.

Step 4: Representation of the Comparison Matrix of
Alternatives With the Criteria / Response Parameters

This step demonstrates the comparison of the alternatives with the criteria
/response parameters by taking experimental datainto consideration.The
firstapproachisexperimental datarepresented accordingtotherespective
criteriadenotedin the following Eq. (7). After that, the normalization of the
experimental data is done to make all elements in the comparison matrix
dimensionlessbyusinginEq.(8).Second approach, thefuzzy decision matrix
isdemonstrated by considering the decision makers opinion with the help
of linguistic variables as shown in Eq. (9). Further, the fuzzy weights are
converted to non-fuzzy weights using Eq. (10). The defuzzified values i.e.
crispweights calculated by Eq.(10) used tocompare therelativeimportance
among the criteria/ response parameter. Finally, the weighted normalized
comparison matrixis calculated by using Eq.(11).Theweighted normalized
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comparison matrix is further used in the super matrix for comparing the
alternatives with respect to each criteria / response parameter.

é cC. L c.t
Q 1 2 J 1;

1
%1 X, Xy K X L

M,=23, x, x, L x gFori=123,4m,j=1234.n) 7)

M M L L Mv
é C
gi Xml Xm2 L anE

where M,iscomparison matrixwithrespecttoeachitalternativeandj®criteria
/response parameter,A, A, A,,...A arerepresenting alternatives,C C,C,...
C represents criteria/response parameters andx, X ,..oeonnes X__represents
performancevalues of the criteria/ response parameters corresponding to
each process parameter setting of the FDM process.

C.
N =—= (Fori=1,2,3....n) (8)

imax

where NU. representsthe normalized decision matrix, C denotes the column
ofthe comparison matrix of therespective criteria/response parameter with
respecttocorrespondingexperimentalsettings,C__ representsthemaximum
performance value of the corresponding column of the comparison matrix.

%{11 X2 L Xlnfr{
g Y
£ g e L in%(' 1,2,3,4.m 3= 1,2,3,4..n) )
=3 Al= LZ,54%.0m = LZ4,5%..n
&M L L v .
é{ml Xa2 L X‘n%

where, X, is the criteria/ response parameter weight by the decision maker
expressed in triangular fuzzy number.

glxlr Lxs)+ M x— Lxu)g
DF = . + Lx, (10)

where U, M, Lrepresents higher, medium and lower limitations of the fuzzy
weightsoftheresponse parametersintheaggregated fuzzy decision matrix.

206

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Parameters Optimization of FDM for the Quality of Prototypes

W =M_'DF (11)

J )

where, Wj indicates weighted normalized decision matrix, Gij isnormalized
decisionmatrixand w,represents priority weight of the response parameter.

Step 5: Determination of the Limited Super Matrix

Thedemonstration of the limited super matrixis calculated by the following
representation of un-weighted super matrixand weighted super matrix.The
un-weighted super matrix represented in Eq. (12). Where G, C, A in the
following Eq. (12) denotes goal, criteria and alternatives respectively. Then
the weighted super matrixis calculated by adjusting the un-weighted super
matrix to column stochasticso thatthe sum of the elementsin each column
is equal to one. Finally, the limited super matrix is obtained by raising the
weighted super matrix to power k, where k is an arbitrary large number
untiltherow elements converge to the same valueforeach columnforeach
column of the matrix.

¢ G Cc AY
& Y
g 0o o 0%
S = X 1: (12)
g w 21 W 22 OL
2 0 W, Iy

where,W, isthepairwisecomparisonmatrixofthecriteria/responseparameter
with respect to goal, W,, is the pairwise comparison matrix comprised of
criteria/response parameterwhileconsideringtheinterdependencyamong,
W, is the comparison matrix of the alternatives with respect to the criteria
represented in step 4 and | denotes identity matrix.

S = lim sk (13)

Step 6: Ranking of Alternatives

Theranking of thealternativesis obtained after converging the values of the
limited super matrix in each columnis same.Then the values of alternative

207

printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Parameters Optimization of FDM for the Quality of Prototypes

valuesin each columnwithrespecttoeachcriteria/response parameterare
ranked in ascending order.

EXPERIMENTAL DETAILS
Material and Equipment

The quality or other aesthetic properties of the fabricated partsin the FDM
process is mainly depend upon the type of material used throughout the
process. In the current study, poly lactic acid (PLA) is used as a material for
fabrication of the parts. The Poly lactic acid (PLA) materials is copolymer of
poly L-lactic acid (PLLA) and poly D, L-lactic acid which are produced from
L-lactides and D, L-lactides respectively. The chemical structure of the PLA,
atomrepresentationassphereswith conventional colorcoding,andfilament
of PLA are represented as shown in Figure 1 (a), (b), and (c) respectively.
The PLA is second most used bio plastic in the world which is usually
derivedfromrenewableresourceslike cornstarch, tapiocaroots, starchand
sugarcane etc. Also, it is most used material in Additive Manufacturing

Figure 1. (a) Chemical structure of PLA material (b) Representation of atoms as
spheres of PLA material (c) Filament uses in FDM process

(©
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processes due to the higher tensile strength of 57 MPa and heat deflection
temperature of 55°C. In the FDM process, PLA material usually wounded
on the spool in the form of filament of diameter 1.75mm for fabricating of
the parts layer by layer by heating and extruding of the filament.

The present study is used the model R x P 2200 | cube for fabrication of
theproductsbyusingthetechnologycalledfusedfilamentfabricationusually
knownasfuseddepositionmodeling(FDM).Theequipmenthasabuildvolume
of 305x305x305 mm and having nozzle of diameter of 0.4 mm is installed
at head. Also, it has open filament system i.e. different type of materials
like ABS, Nylon etc. can be used according to the use for fabrication of the
productsinthe FDM process.The CURA softwareis used for converting the
3D models into 3D print files which are consists of G-codes. Also, CURA
softwareisusedforvaryingthe processparametersand othermanualsettings
used in the FDM process. The experimental setup of the FDM process of
Model RxP 2200 | and the close view of FDM head while fabricating the
products is shown in Figure 2 (a), (b) respectively.

Figure 2. (a) Experimental setup of the FDM of model RxP2200I (b) close view of
the FDM head

: Ultimaker”™ =~

build material

(@) (b)
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TESTING AND ANALYSIS OF THE FABRICATED SAMPLES

The fabrication of the experimental samples is carried out in three steps;
firstly, CAD models are designed for calculating the ultimate tensile strength
according to ASTM D-638 and the cube samples of volume 1x1x1cm for
calculatingthedimensionalaccuracyisdone.Second, these CAD modelsare
installed in CURA software for converting 3D CAD data into 3D print files
comprised of G-codes. Finally, the fabrication of the experimental samples
isdone by designing the experiments with Taguchi’s L-16 orthogonal array
withtheprocessparametersconsideredinthestudysuchaslayerheight,shell
thicknessandfilldensityasshowninTable 1.Thefabricated tensile specimen
samples and cube samples are shown in Figure 3 (a), (b) respectively.

After fabrication of the samples, the experimentation is carried out for
tensilespecimensamplesforcalculatingtheultimatetensilestrengthwiththe
helpofuniversaltestingmachineofthecapacity 20tons.Also,thedimensional
accuracyforeachsampleiscalculatedbymeasuringthespecimendimensions
inthedirectionsof X,Y and Z axes. Another criterion manufacturing time is
calculated foreach of the experimental setting while fabricating the tensile
specimenand cube specimentogether.The experimental data obtainedin
the present study is shown in Table 1.

Figure 3. (a) Tensile specimen samples to calculate ultimate tensile strength (b)
cube samples to calculate dimensional accuracy

210

printed on 2/14/2023 12:24 PMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Parameters Optimization of FDM for the Quality of Prototypes

Table 1. Experimental results of FDM process

LH ST Fill density UItimateTensiIg Dimensional. Ma.nufacturi.ng
Exp. No T || G %) Streng(]mp(al;TS) in Accur(anz‘(sl)DA) in Tlm(en:ri\:l]')l') in
1 0.08 0.8 25 52.75 1095.29 46
2 0.08 1.2 50 57.10 1050.18 58
3 0.08 1.6 75 50.42 1114.74 67
4 0.08 2.0 100 56.78 1150.50 68
5 0.12 0.8 50 39.13 1050.63 37
6 0.12 1.2 25 42.09 1037.06 33
7 0.12 1.6 100 56.72 1161.26 50
8 0.12 2.0 75 55.50 1140.16 46
9 0.16 0.8 75 38.46 1060.65 33
10 0.16 1.2 100 49.98 1107.57 38
11 0.16 1.6 25 44.60 1019.06 27
12 0.16 2.0 50 46.35 1040.43 32
13 0.20 0.8 100 52.77 1192.26 32
14 0.20 1.2 75 41.17 1028.21 28
15 0.20 1.6 50 50.39 1019.04 26
16 0.20 2.0 25 49.85 1017.03 24

MODELING OF THE FDM PROCESS USING MODIFIED
FUZZY ANALYTICAL NETWORK PROCESS

In the present section, a hybrid multi-criteria decision-making method
M-Fuzzy analytical network process is used to validate the experimental
data for getting the optimal setting among the experimental settings in
the FDM process. Due to advantage of F-ANP for the combined effect of
interdependency of the criteria consideration and flexibility of the decision
making, the selection of the experimental setting become more optimal.In
the present study, three process parameters considered namely layer height,
shell thickness andfill density while ultimate tensile strength, dimensional
accuracyand manufacturing timeare consideredas criteria. The modeling of
the FDM process using Fuzzy-ANP starts with the calculation of the priority
weights of criteria while pairwise comparison with respect to goal. After
pairwise comparison of the criteriathe normalization of the geometricmean
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method (NGM) isapplied to calculate the priority weights. Then consistency
ratio (CR) is calculated for checking the consistency of pairwise comparison
matrix. The pairwise comparison matrix of the criteria matrix with respect
to goal is shown in Table 2. The priority weights 0.366, 0.366 and 0.267 in
Table 2 indicates that ultimate tensile strength and dimensional accuracy
have the equal weightage while manufacturing time has lower weightage
with respect to goal of quality products fabrication.

Similarly, the calculation of the priority weights of pairwise comparison
matrices for inner dependence of criteria with respect to each criterion is
obtained by NGM method followed by consistency ratio checking. The
inner dependence of the criteria with respect to ultimate tensile strength,
dimensional accuracy and manufacturing time with their calculated priority
weights are shown in Table 3, Table 4, Table 5 respectively. The priority
weights0.7343and 0.2656inTable 3andTable4indicates thatdimensional
accuracy, ultimate tensile strength has higher priority than manufacturing
timewithrespecttogettinggood strength and betterdimensionalaccuracy
respectively. Also, priority weights in Table 5 indicate that ultimate tensile
strength and dimensional accuracy has equal weightage for getting optimal
manufacturing time.

After pairwise comparison of the criteria, the pairwise comparison of
alternativeswiththecriteriais obtained by consideration of the experimental
data obtained in the FDM process and fuzzy weights obtained by decision
makers. Then the weighted pairwise comparison matrix is calculated by
multiplying weights of the criteria with the respective experimental data
obtainedinthe FDM process.The weighted normalized pairwise comparison
matrix is shown in Table 6.

Finally, the limited super matrix for ranking the alternatives is obtained
by the following un-weighted and weighted super matrix calculation. The

Table 2. Pairwise comparison of criteria / response parameter matrix with respect

to goal
GOAL Ultimate tensile Dimensional Manufacturing time Priority
strength (UTS) accuracy (DA) (MT) weights
Ultimate tensile
strength (UTS) (1,1,1) (0.3,0.5,0.7) (0.1.0.3,0.5) 0.366
Dimensional accuracy (0.3,0.5,0.7) (1,1,1) (0.1.0.3,0.5) 0366
(DA)
’V‘a””faf!%’;”g time (0.1.03,0.5) (0.1.03,0.5) (1,1,1) 0.267
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Table 3. Inner dependence of the criteria matrix with respect to ultimate tensile

strength (UTS)

Ultimate tensile strength Dimensional accuracy L L .
(UTS) (DA) Manufacturing time (MT) Priority weights

Dimensional accuracy (DA) (1,1,1) (0.5,0.7,0.9) 0.7343

Manufacturing time (MT) (0.1.0.3,0.5) (1,1,1) 0.2656

Table 4. Inner dependence of the criteria matrix with respect to dimensional

accuracy (DA)
Dimensional accuracy (DA) L UELD t(eJ.Iflsl)e SR Manufacturing time (MT) Priority weights
Ultimate tensile strength
(UTS) (1,1,1) (0.5,0.7,0.9) 0.7343
Manufacturing time (MT) (0.1, 0.3,0.5) (1,1,1) 0.2656

Table 5. Inner dependence of the criteria matrix with respect to Manufacturing

time (MT)
Manufacturing Ultimate tensile strength Dimensional accuracy Priority weights
time (MT) (UTS) (DA) yWelg
Ultimate tensile strength (UTS) (1,1,1) (0.3,0.5,0.7) 0.5
Dimensional accuracy (DA) (0.3,0.5,0.7) (1,1,1) 0.5

un-weighted super matrixis formed with the pairwise comparison matrices
obtained using step.1-4intheresearchmethodology.Then weighted super
matrix is obtained by adjusting the un-weighted super matrix to column
stochastici.e.the sumoftheelementsineach columnequaltoone.Further
thelimited super matrixis calculated by raising the weighted super matrix to
powerk (anyarbitrary number).The obtained limited super matrixis shown
in Table 7 for ranking the alternatives in the FDM process.

Thereafter, the ranking of the alternatives is done to know the relative
significance of each experimental setting used in the FDM process in the
presentstudy.Anycolumninthelimitedsupermatrixcanbetakeninascending
order of the values for raking of the alternatives. The experimental setting
and the ranking of alternatives is shown in Table 8.
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Table 6. The weighted normalized pairwise comparison matrix

o Ultimate t(el;\_?isl)e Strength Dimensiczgij)accuracy Manufacturing Time (MT)
1 0.7852 0.7426 0.1015
2 0.8500 0.7120 0.1279
3 0.7506 0.7558 0.1478
4 0.8452 0.7800 0.1500
5 0.0816 0.7123 0.0816
6 0.0728 0.7031 0.0728
7 0.1103 0.7873 0.1103
8 0.1015 0.7730 0.1015
9 0.0728 0.7191 0.0728
10 0.0838 0.7509 0.0838
1 0.0596 0.6909 0.0596
12 0.0706 0.7054 0.0706
13 0.0706 0.8083 0.0706
14 0.0618 0.6971 0.0618
15 0.0574 0.6909 0.0574
16 0.0529 0.6895 0.0529

RESULTS AND DISCUSSION

The hybrid multi criteria decision making method M-Fuzzy ANP is used to
determinethe optimalresultforfabricating the quality of prototypesinthe
FDM process. The optimal experimental settings are done by several runs
(trails) tofind outranking of the alternatives.In this chapterthe experimental
setting no.4 of alternative is ranked as first, i.e. the corresponding process
parametersofthisexperimental setting showsthe betterquality of fabricated
products compared to any other experimental settings used in the present
experimentation and also experimental setting no.9 is the worst quality of
fabricatedproductscomparedtoanyotherexperimentalsettingsshowninTable
8.The experimental sample parameters such as layer height 0.08mm, shell
thickness 2.0mm andfill densityis 100 percentages gives the optimal value
ofthecriteria/response parameters namely ultimate tensile strength (UTS)is
56.78MPa,dimensionalaccuracy(DA)is1150.50mm3and manufacturingtime
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Table 8. The ranking of the alternatives

Exp. No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Rank 7 5 6 1 15 13 2 3 16 8 12 1" 4 14 9

(MT) required is 68 minutes for experimental no.4 and worst experimental
sample parameters such aslayerheight0.16mm, shell thickness 0.8mmand
filldensityis 75 percentages gives value of the criteria/response parameters
namely ultimate tensile strength (UTS) is 38.46MPa, dimensional accuracy
(DA) is 1060.65mm? and manufacturing time (MT) required is 33minutes
for experimental no.9 as shown in Table 1. Based on the results obtained
inthe present chapter, the highervalue of ultimate tensile strength, optimal
dimensionalaccuracyvaluesandmanufacturingtimealsohigherareobtained
forexperimental no.4.These experimental values describe the fabrication of
thecomponentsusingtheobtained experimental settinggivesbetterquality
products in the technical and economical point of view.

CONCLUSION

The presentchapterdescribed the modelingand optimization of the process
parametersin FDM processusingthe proposed hybrid multi-criteriadecision-
making method i.e. M-Fuzzy ANP. The result shows that experimental no
4 gives the optimal setting among 16 experimental runs. The following
conclusions are explained as follows:

«  The selection of layer thickness is more important while fabricating
productsin FDM. Lower layer thickness gives the better surface finish,
better dimensional accuracy and gives good strength.

«  The optimal experimental sample parameters such as layer height
0.08mm, shell thickness 2.0mm and fill density is 100 percentages
gives the optimal value of the criteria/response parameters namely
ultimate tensile strength (UTS) is 56.78MPa, dimensional accuracy
(DA) is 1150.50mm?* and manufacturing time (MT) required is 68
minutes for experimental no.4.

«  The 100 percent fill density is required to get the higher strengthen
fabricated parts.
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«  Thecombinationoflayerheight0.08mm,shellthickness2.0mmandfill
density 100percentgivesqualityproductsthananyotherexperimental
setting used in the present study.

«  Theworstexperimentalsampleparameterssuchaslayerheight0.16mm,
shell thickness 0.8mm and fill density is 75 percentages gives value
of the criteria/response parameters namely ultimate tensile strength
(UTS) is 38.46MPa, dimensional accuracy (DA) is 1060.65mm?* and
manufacturingtime (MT)requiredis33minutesforexperimentalno.9.

The present study concluded that, to fabricating the quality prototypes,
the proposed hybrid method M-Fuzzy ANP gives the viable and optimal
solution than existing fuzzy ANP methods. Also, due to the use of M-Fuzzy
ANP for modeling of the FDM process can achieve good (higher) strength
and accuracy characteristics while fabrication. Hence this proposed hybrid
method can be used forany other manufacturing systemsforobtaining the
optimal experimental settings considering technicaland economical point
of view.
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Chapter 11

Determination of Optimum

Process Parameter Values

in Additive Manufacturing
for Impact Resistance

Emin Kececi
Abdullah Gul University, Turkey

ABSTRACT

3D printing as a manufacturing method is gaining more popularity since 3D
printing machines are becoming easily accessible. Especially in a prototyping
process of a machine, they can be used, and complex parts with high quality
surface finish can be manufactured in a timely manner. However, there is
a need to study the effects of different manufacturing parameters on the
materials properties of the finished parts. Specifically, this chapter explains
the effects of six different process parameters on the impact resistance. In
particular, print temperature, print speed, infill ratio, infill pattern, layer
height, and print orientation parameters were studied, and their effects on
impact resistance were measured experimentally. Moreover, the optimum
values of the process parameters for impact resistance were found. This
chapter provides an important guideline for 3D manufacturing in terms of
impact resistance of the printed parts. Furthermore, by using this methodology
the effects of different 3D printing process parameters on the other material,
properties can be determined.
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INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is receiving great
attention due to the fact that it allows easy and time efficient realization of
designs from prototypes to functional products with complex geometries
(Zotti et al., 2018), (Ledn-Cabezas et al., 2017), (Castro et al., 2015). The
process of AM starts with computer aided design and continues with printing
successive layers on top of each other to obtain the desired final shape. 3D
printing technology started to be used in mid-80’s with a process known as
Stereolithograpgy and was followed by powder bed fusion, fused deposition
modelling, inkjet printing and contour crafting, chronologically (Spoerk
et al., 2018). The main printed parts using Stereolithograpgy 3D printing
technology are patterns, mold and models by photopolymerization. Powder
bed fusion (or selective laser melting) allows the manufacturing of 3D parts
by selectively melting and layer by layer fusing metallic powder materials
(Arisoy et al., 2019). For the process of fused deposition modelling, 3D
computer models can be printed without requiring a mold (Daver et al.,
2018). In contour crafting, the parts are printed by integrating material
delivery and installation in to one system (Zareiyan & Khoshnevis, 2017).
With the aid of this rapidly developed technology, different material groups
from polymers to metals with very complex geometries are now able to be
printed. However, in order to use these 3-D printed materials in design, the
mechanical characterization of them is of utmost importance.

The mechanical characterization of 3-D printed parts has been carried out
by using several experimental methods. In order to determine the material
properties, tensile tests, compression tests and indentation tests have been
conducted at different loading conditions (Spoerk et al., 2018; Ahn et al.,
2002; Rankoubhi et al., 2016). Particularly in these studies, strength, ductility,
modulus and hardness values of 3-D printed materials have been measured. In
addition, as aconclusion of these studies, ithas been proven that the mechanical
properties of 3-D printed materials depend on both the unprinted material
and 3-D process parameters. For instance, optimum tensile properties are
obtained when the filaments are parallel to the loading direction (Dizon et al.,
2018). However, in spite of many works on the mechanical properties of 3-D
printed materials under tensile and compressive loads, the number of works
on the impact response of 3-D printed materials are very limited. In these
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limited studies, effects of building orientation, layer thickness, fiber volume
content, lattice topology and build direction on the impact performance of
3-D printed materials have been investigated (Caminero et al., 2018; Bourell
et al., 2017; Ngo et al., 2018; Lou et al., 2018). However, there is a lack of
research about how 3-D printed materials are subject to impact loadings
during operation. Therefore, the impact response of these materials should
also be investigated in order to utilize them in safe design.

Asopposed to tensile and compressive loadings, an impact test demonstrates
the material’s behavior at an instant high strain rate shock loading. In addition,
it was proven that, it enhances only one deformation mechanism over complex
microstructural interactions (Bal et al., 2015; Toker et al., 2014). Moreover,
with the aid of an impact test, the ductile to brittle transition temperature
of the materials can be determined. Specifically, a ductile material at
room temperature or high temperatures may exhibit brittle behavior at low
temperatures (Das et al., 2011). That is why temperature is very crucial to
consider in design if the material will be subject to different temperatures.
In addition, even though impact performance of 3-D printed materials is
very important in the manufacturing of high quality and reliable end-use
3-D printed materials in terms of impact performance, the detailed studies
on this problem is limited in the literature and to the best of the authors’
knowledge, there is no study, which shows the detailed effects of 3-D process
parameters on the impact response of 3-D printed materials. Moreover, even
though the effects of different factors, such as yield strength (Figure 1) on
impact energy of several metals are well known, these kind of studies for
3-D printed materials are very limited.

This chapter focuses on the optimization of 3-D process parameters that
result in optimum impact energy of 3-D printed materials. For this purpose,
an experimental approach is adopted, and obtained results are theoretically
analyzed to find the effect of 3-D process parameters on the impact response
of 3-D printed materials. The 3D printing mechanism adopted is Fused
Deposition Modeling (FDM). The material used in experiments is PLA.
The CURA slicing software is used and the specimen are printed by an
Ultimaker GO2 3D printer. The following part of the chapter explains the
experiments and the test results showing the effect of different parameters
on impact response.
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Figure 1. The relationship between yield strength and impact energy of several

materials
Source: (Inoue et al., 2012)

350

High-Alloy &
300} Maraging Steels

L}
250} | Low-Alloy Steels

200 @ JIS-Low-Alloy Steel
A AlSI-300M

B NiSiCr steel

A HY180

v AF1410

© 18Ni Maraging

O High-Purity 18Ni Maraging

@ Ausformed 0.2C-3Ni-3Mo Steel
A Ti Alloy Hand book

1501

100

Charpy Absorbed Impact Energy, VE(J)
=
5 4
[ )

0 500 1000 1500 2000 2500
Yield Strength (MPa)

METHODOLOGY

A standard Charpy impact test machine with 300 Joules impact energy
capacity (Figure 2) was utilized for impact testing of the specimens. Since
specimen were 3D printed from PLA filament of 2.85 mm therefore, the impact
resistance observed was negligible when the impact tests were conducted
according to standards. In order to increase the sensitivity of the results, the
mass of the hammer was reduced by removing the metal side plates. The
starting position of the hammer was also lowered. The tests were carried out
with the same conditions to ensure that same impact energy was given to all
of the 3D printed specimens.

The standard dimensions for the charpy impact test specimen are 55x 10
x 10 mm and there is a notch at the center of the specimen. In this research,
the dimensions of the specimens were increased for the test. In order to
enhance the impact resistance strength of the specimens, specimens were
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Figure 2. Charpy impact test machine

printed with the dimensions 55 x 20 x 10 mm without anotch. All the specimens
were printed in same print orientation as shown in Figure 3.a and in order to
determine the effect of print orientation on the impact resistance of 3D printed
specimens, the orientation was changed as shown in Figure 3b and Figure
3c. Figure 4 shows the specimen dimensions.

The process parameters that were changed in order to determine the effects
on the impact resistance of the 3D printed part were print temperature, print
speed, infill ratio, infill pattern, layer height and print orientation. The process
parameters were tested with different values. The maximum, average and
minimum values were changed while the rest of the parameters were constant.
Each testat a given value for the parameters were carried out 3 times to ensure
the consistency of the results and the average values were plotted.
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Figure 3. The print orientations of impact specimens. Figure 3a) Initial print
orientation, Figure 3b) Second print orientation, Figure 3c) Third figure orientation
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Figure 4. Technical drawing of the impact test specimens (units are in mm)

55mm 10mm

20mm
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The energies required to fracture the samples were recorded and the
graphs were plotted to exhibit the trend of the process parameters’ effects on
the impact resistance of the part. The graphs were plotted in Igor advanced
plotting program. The specimen parts were designed in Solidworks and Cura
software was used to compile the G-Code. To manufacture the specimens
an Ultimaker Go2 3D printers were used. The material used to 3D print the
specimen parts was PLA with 2.85mm diameter.

RESULTS

By using the impact test machine, different specimens are tested and the energy
causing fracture is shown for each parameter as a figure in the following
section. While testing one of the process parameters, the other parameters were
set constant in order to measure only the effect of the interested parameter.
Print temperature, print speed, infill ratio, infill pattern, layer height and print
orientation were the measured parameters.
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PRINT TEMPERATURE

The print temperature parameter was tested on 4 different values; 185, 210,
225 and 240 degree Celsius. The testing range, from 185 to 240, was selected
as advised by the material manufacturer as an optimum temperature range. As
shown in Figure 5, the temperature agrees to almost a positive linear relation
with the impact resistance. The highest impact resistance was observed at
240°C. Therefore, it is observed that, within the optimum temperature range,
increasing the printing temperature increases the impact resistance almost
linearly.

PRINT SPEED

The print speed is the speed of the nozzle head during the printing process
and it was tested at 3 different values; 20, 60 and 100 mm/s. As shown in
Figure 6, the highest resistance to impact was achieved at 20 mm/s print
speed, where at the 100mm/s the impact resistance was the lowest. Figure
6 shows the decrease in impact resistance with the increase in print speed.
However, the gradient trajectory suggests that the highest impact resistance
will be accomplished at the print speed between 30 and 40 mm/s. The higher
print speed allows less time to manufacture but on the other hand, less time
for cooling of the layer before the following layer is extruded.

Figure 5. The effect of print temperature on impact resistance

N = S,
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Figure 6. Print speed effect on the impact resistance
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INFILL RATIO

The infill ratio defines what percentage of the inner section of the part
will be filled. Increasing the infill ratio makes a part denser; however, this
causes more time for the part to be manufactured. The infill ratio was tested
on 4 different values: 20, 45, 70 and 100%. As shown in Figure 7, there is
an increasing in impact resistance as the infill ratio increases. However, the
highest energy value was not obtained at 100% infill ratio. The figure suggests
that the highest impact resistance because of infill ratio can be achieved at
90% infill ratio. It is estimated that while it is better for the impact resistance
to have a denser part, having some gaps in the part allow the test specimen
to absorb some of the impact energy with the elastic shape change.

INFILL PATTERN

Infill pattern parameter defines the inner part structure and if the pattern
allows a cage structure, the impact resistance of the partincreases. The slicing
software allows 6 different patterns which are grid, triangle, cubic, cross, lines
and zig zag. There was a drastic change in the impact resistance depending
on the infill pattern, Figure 8. The highest impact resistance was measured
with grid pattern while the lowest of that is seen with the cross pattern.
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Figure 7. The effect of infill ratio on impact resistance
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LAYER HEIGHT

The layer height is a process parameter which primarily affects the print-
time and surface quality of the part. Increasing the layer height results in
less printing time but it also results in a less smooth surface quality, and
vice versa. However, in terms of impact resistance the layer height does not
have a linear effect. As shown in Figure 9, the lowest impact resistance was
observed by the part with 0.2 mm layer height and the most impact resistance
was observed by the parts which had the layer height of 0.1 mm and 0.3
mm. The layer-height was tested in 3 different values: 0.1, 0.2 and 0.3 mm.
It is concluded that the optimum value of layer height is 0.3(mm). Although
the 0.1 mm layer height also rendered the same impact resistance,however,
more time is required to print the part with the 0.1 mm layer height and this
excludes it from being an optimum value.
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Figure 9. The effect of layer height on impact resistance
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PRINT ORIENTATION

The print orientation was tested for 3 different options shown in Figure 10.
The orientation 2 showed the highest impact resistance, while orientation 3
showed the least resistance. Depending on the print orientation and the impact
direction the fracture happens in between the layers and in the material on
that specific breaking layer. It should be kept in mind that depending on the
impact direction the same print orientation might have a higher or lower
impact resistance. This shows that when the part is being manufactured the
direction of impact force should be known in order to choose the suitable
print orientation.

Figure 10. The change in impact resistance caused by the print orientation
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CONCLUSION AND FUTURE WORK

Inthis chapter the effects of the printing parameters namely, print temperature,
print speed, infill ratio, infill pattern, layer height and print orientation on the
impact resistance of 3D printed parts has been investigated. As a result of
this study; the optimum values of the parameters were found experimentally.
From this work the following conclusions can be drawn:

1. Increasing the print temperature results in the increase of impactresistance.
Impact resistance is inversely proportional to the print speed.

3. There are 3 main stages for the effect of infill ratio. Stage 1 is the initial
stage where the effect of infill ratio on the impact resistance is negligible.
In Stage 2 after a critical infill ratio an abrupt change, which is directly
proportional with the infill ratio, on the impact resistance is measured.
Stage 3 is the saturation stage and in this stage the impact resistance
reaches the steady state and does not change with the infill ratio.

4.  Infill pattern can change the impact resistance up to 100% (Cross infill
pattern has 6 Joules whereas Grid infill pattern has 12 Joules).

5. Theeffect of layer height on the impact resistance is a parabolic function
where at 0.2 mm layer height results in the least impact resistance.

6. The print orientation depends on the impact force direction.

This study opens a new venue for the manufacturing of 3D printed parts
in terms of their impact resistance. There are also other parameters; such as
nozzle size and material feed speed, that should be studied. As future work,
the effects of these parameters will be investigated. In addition, other than
the impact resistance, the effect of aforementioned parameters on different
material properties needs to be investigated in order to manufacture functional
3D printed parts.
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ABSTRACT

Fused deposition modelling is an extrusion-based automated fabrication
process for making 3D physical objects from part digital information. The
process offers distinct advantages, but the quality of part lacks in surface finish
when compared with other liquid or powder based additive manufacturing
processes. Considering the important factors affecting the part quality, the
chapter attempted to optimize the raster angle, air gap, and raster width
to minimize overall part roughness. Experiments are designed using face-
centered central composite design and analysis of variance provides the
effects of processing parameters on roughness of part. Suitability of developed
model is tested using Anderson-darling normality test. Desirability method
propose that roughness of different part faces are affected differently with
chosen parameters, and thus, hybrid approach of WPCA based TOPSIS is
used to break the correlation between part faces and reduce the overall part
roughness. Optimizing shows that lower raster angle, lower air gap, and
larger raster width minimizes overall part roughness.
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INTRODUCTION

Additive manufacturing (AM) is a layer based automated fabrication process
for making scaled three dimensional physical objects directly from 3D-CAD
(computer aided design) data (Equbal et al., 2015). The part is fabricated
by depositing the part material in a layerwise deposition principle following
bottom up approach even in an office friendly environment (Mohamed et al.,
2016). AM processes have the ability to produce any complex geometry of
part in a less time span without any specific tooling. As per ASTM F2792-
12a, AM processes are categorized into seven different categories (ASTM
Designation, 2012). Fused deposition modelling (FDM) is an extrusion-
based AM process that construct the 3D object directly from its part digital
information. The part material is used in the form of strand or filament which
isheated in aliquifier to semi-molten state before extruding it through anozzle
onto a table or a plateform provided in a bulid chamber. While depositing
the material on plateform, the nozzle moves in three different axes thus
creating a cross section of three-dimensional object (Sood et al., 2009). The
material on deposition gets cools, hardens and bonds to the layer beneath it.
Based on the layer thickness used the process is repeated up to the last layer.
The different parts materials used for fabrication are ABS (acrylonitrile
butadiene styrene), PC (polycarbonate), ABSi (high impact grade of ABS)
and PC-ABS. The process also uses water works soluble support for ABS,
ABSi and PC-ABS and breakaway support for PC and PC-ISO (BASS™).
Support material use can be easily breakaway by hand. It can build part in
three different layer thicknesses that are 0.127mm, 0.178mm and 0.254mm.
Process chain of part fabrication is as follows:

Step 1: 3D CAD model of part is made using any suitable CAD software.

Step 2: CAD model is converted into STL file format.

Step 3: Different processing parameters for part building and location of
support structure is decided. The data generated is then changed to SML
(Stratasys machine language) format and sent to hardware of FDM for
part fabrication.

Step 4: Part is fabricated by layerwise deposition of materials in the build
chamber.

Step S: Once the part build is finished, it is taken out from the chamber
and support material is removed by hand or some time by vibrations
generated in ultrasonic bath.
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FDM parts have good thermal and chemical resistant properties and
excellent strength-to-weightratios. Ithas very wide application in automobiles,
medical and pattern for investment casting. FDM process offers distinct
advantages like fabrication of complex part geometries, reduced product
development time and cost, no process plan is required and absence of any
specific tooling. Although the process offers numerous advantages, however
when compared with other AM processes the surface finish of FDM parts
are very poor. Visible rough patterns are inbuilt fabrication constraints of
FDM parts which limits their industrial scopes. Surface roughness of FDM
part is mainly affected by raster pattern deposition and staircase effect at
the vertical plane. In a FDM system, the layer thickness could not be very
small because the diameter of extruded filament material has hundreds of
micrometers. Hence, the staircase at the vertical surface is quite high (Kim
etal., 2018). Surface finish is an important parameter defining the FDM part
quality and hence roughness of the part needs to be minimum. Literature
survey reveals that optimization of processing parameters is suggested by
many researchers to improve the surface finish of FDM parts. Bharath et al.
proposed that layer thickness and raster width are more significant parameters
affecting the part surface roughness when compared with other parameters
like build orientation, air gap and model temperature (Bharath et al., 2000).
Anitha et al., (2007), also concluded that the effect of layer thickness on
FDM part roughness is more significant. Inverse relation between layer
thickness and surface roughness was also established through correlation.
Horvath et al., (2007), investigated the effect of processing parameters on
surface roughness of ABS400 polymer. They suggested that the effect of
layer thickness and model temperature were more dominant. Galantucci et
al., (2009), recommended that slice height and the raster width are important
parameters affecting part surface roughness while the tip diameter has little
importance for surfaces running either parallel or perpendicular to the build
direction. Nancharaiah et al., (2010), also observed that surface roughness
could be improved by using lower value of layer thickness and air gap because
it reduced the voids between layers. Mahapatra et al., (2012), attempted to
improve the surface roughness of ABS P400 part by combining Bayesian
regularization-based levenberg-marquardt neural model with Bacterial
Foraging Optimization Algorithm (BFOA). They found that raster width is
the most important parameter for improving surface finish at the top face.
Part orientation and layer thickness are observed as significant factors for
reduction of surface roughness at bottom and side faces. For estimating the
roughness value, a 3D roughness profile model was developed by Boschetto
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et al. (Boschetto et al., 2013). They suggested that roughness was found to
be affected by raster orientation. To improve the surface finish of part built
by FDM process integration of FDM and BF (barrel finishing) methods
is proposed by Boschetto et al. (Boschetto et al., 2015). FDM parts were
produced and post processed in a rotating barrel machine. In a BF process
FDM part, abrasive media and water are put in a rotating barrel and given
specific speed which results in finishing of FDM part. Durgun and Ertan
show that parts built by FDM with different part orientations have a strong
effect on the surface roughness (Durgun et al., 2014). Reddy et al., (2018),
investigated surface texture of FDM parts and concluded that roughness value
decreases withincrease in build inclination and increases with increase in layer
thickness. Literature survey shows that the researchers are mainly focused
on studying the effect of processing parameters on the surface roughness of
part. Literature also concludes that part orientation and layer thickness was
mainly chosen as process parameter for process optimization. Layer thickness
and build orientation are geometry specific and their principal influence is
on the build time, volume of part material and support structure (Wang et al.,
2007). Optimum selection of these parameters varies from part geometry to
geometry. Once these parameters are specified surface finish of fabricated
part depend upon the layer deposition strategies involved (Lee et al., 2005).
Important process parameters influencing layer deposition are raster width,
raster angle and air gap. The present work therefore uses raster angle, air
gap and raster width as processing parameter for process optimization.
Desirability function (DF) method is used as single objective optimization
method for optimizing roughness of top, bottom and side faces individually.
Industrial requirement however demands single factor setting for minimizing
surface roughness of overall part. WPCA based TOPSIS (Weighted principle
component analysis based Technique for order of preference by similarity to
ideal solution) is used as a multi-objective hybrid method for optimization
of overall surface roughness.

METHODOLOGY

The part is fabricated using FDM Vantage SE machine by Stratasys. A
well-established design of experiment (DOE) technique known as response
surface methodology (RSM) is used for designing experiment. RSM define a
polynomial relationship between independent input variables and dependent
output response. To reduce the number of levels and number of experimental
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runs RSM based on face centred central composite design (FCCCD) is
adopted in present study (Hattiangadi et al., 2000; Jeff et al., 2002). This
design requires only three levels for each factor. FCCCD consists of eight star
points, six cube points and six central points (Equbal et al., 2017). FCCCD
does not require as many centre runs as other CCD based design. In practice,
two or three centre runs are sufficient to provide good variance of prediction
throughout the experimental region (Hattiangadi et al., 2000; Jeffet al., 2002).
Based on initial trials and exhaustive literature review factors are grouped
into fixed factors and control factors (ASTM Designation, 2012; Bharath et
al., 2000; Anitha et al., 2001; Nancharaiah et al., 2010; Equbal et al., 2017;
Sood et al., 2010; Kumar et al., 2014 Pradhan et al., 2009). Fixed factors as
shown in Table 1 are not significant for studied quality measures and their
value was not changed during entire experiment runs. Control factors are
varied at three levels as given in Table 2. The level of each factor is selected
in accordance with previous researches and the permissible minimum and
maximum settings recommended by the equipment manufacturer (Sood et
al., 2009; Sood et al., 2010).
Control factor levels are coded into +1, 0 and -1 using Eq. 1.

Table 1. Fixed Factors

Factors Values
Part fill style Perimeter /Raster
Contour width 0.4064 mm
Orientation 0°
Layer thickness 0.254 mm
X, Y and Z shrink factor 1.0038
Part interior style Solid normal
Visible surface Normal raster
Perimeter to raster air gap 0 mm
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Table 2. Control factors and their levels

Levels
Factor Symbol 1 2 3 Units
low level (-1) centre level (0) high level (+1)
Raster angle 0 30 60 degree
Air Gap -0.004 0 0.004 mm
Raster Width 0.4064 0.4564 0.5064 mm
T, —T
§ =] X 2
Ar,
2 (D
Yo,
— i
— .
z =1 , and Az, = max(z_)— min(z )
1 2 i j 7

where, max(z ) = max(z_); min(z,) = min(z ); 1 <i<k;1<j<2and fu ,

i i ij
z, are coded and actual value of the j” level of i” factor, z, is mean of values

for factor i/, max(z,) andmin(z,) is maximum and minimum value of the g™
level of i" factor. The FCCCD used in present study is given in Table 3. It
consists of 8 axial points, 8 star points and 6 centre runs to get a reasonable

estimate of experimental error.

Part Fabrication and Data Collection

CATIAVS solid modelling software is used to create a solid CAD model
of the part shown in Figure 1. CAD model is then converted into machine
accepted STL file format and imported into FDM software Insight™. During
the fabrication the part is placed such dimension of face thatis 30mm is along
table X-axis and other dimension of this face (10.5mm) is along Y-axis of
table. The third dimension (10.5mm) perpendicular to X-and Y-axis is along
part build direction (Z-axis). This orientation of the part is 0° orientation.
Factor values are then set in the software. Software slices the STL model,
calculate the support structure and generate the tool path for each layer. This
information is converted into SML format and send to FDM Vantage SE
machine for part fabrication. Machine will fabricate the part layer wise layer
based on bottom up approach. Average surface roughness of part faces was
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Table 3. Experimental plan for FCCCD runs

Factors (Coded)
Run order
Raster angle (A) Air gap (B) Raster width (C)
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 1 !
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -1 0 0
10 1 0 0
11 0 -1 0
12 0 1 0
13 0 0 -1
14 0 0 1
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
Figure 1. 3D CAD model of part used
Direction of roughness
Top Surface measurement
\— ——»
10.5 mm
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|
\

Side Surface
—

e - Vsl

Il

Y 30 mm 10.5 mm
X Bottom Surface
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measured using contact type Hommel werke Turbo Wave V7.20 roughness
tester. Table 4 shows the roughness measurement conditions. Three readings of
average surface roughness on top (Ra’), bottom (Ra®) and side (Ra®) surfaces
are taken for fabricated specimen. Mean of these three observations is taken
as representative value of respective surface roughness.

Analysis of Data

Analysis of Variance (ANOVA) is used to analyse the outcome of experiments.
ANOVA is a statistically based decision-making tool which divides the total
variation into accountable sources. It is used to study the effect of individual
process parameters and their interaction on the response considered.
Assumption in the ANOVA analysis is that given population is normally
distributed. This assumption is validated by Anderson darling (AD) plot or
normality test. AD plot is plotted to test the effectiveness or suitability of
developed model. Here, p value should be greater than ‘a’. If the p-value is
lower than «, the data do not follow the normal distribution.

Optimization

For Optimization purposes, the present chapter uses three different techniques
namely: Desirability, Principal component analysis and TOPSIS are used as
optimization techniques in the presented work. Desirability function is used
as single objective optimization method for optimization of individual faces
roughnesses and WPCA based TOPSIS methos is used as a multi-objective
optimization method for optimization of overall part surface roughness.

Table 4. Roughness measuring conditions

Condition Value
Probe tip radius (TKU 300) 0.005 mm
Measuring range 80pm
Traverse length 4.8 mm
Speed 0.5 mm/s
Filter ISO11562 [M1]
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Desirability approach provides the method of finding out the operating
conditions that provide the most desirable response value. For single response,
each experimental result is converted into a scale of [0, 1] by calculating
their desirability (d), where 1 is highly desirable value (Costa et al., 2011).
The maximum value of desirability is then chosen and the factor setting
corresponding to that chosen desirability is selected as optimal combination
of parameters. The responses are scaled into desirability based on their
characteristics namely larger-the-better, smaller-the-better and nominal the
better.

e Larger-The-Better (LTB): The value of the estimated response is
expected to be larger than a lower bound. For this response type, the
individual desirability function is defined by Eq. 2:

0 Y <L
d(Y) = [%] L<Y<T ()
1 Y>T

e  Smaller-The-Better (STB): The value of the estimated response is
expected to be smaller than an upper bound. For this response type, the
individual desirability function is defined by Eq. 3:

1 Y<T
d(v), = [%] T<Y<U 3)
0 Y>U

e Nominal-The-Better (NTB): The value of the estimated response is
expected to achieve a particular target value. For this response type, the
individual desirability function is defined by Eq. 4:
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0 Y<L
[%] L<Y<T
dY)=1" "1 @)
V=Yl rcy<u
U-T
0 Y>U

where, Y is response, U is upper limit, L is lower limit, 7 is target value and
r,m 1, are weights.

PCA is a data reduction technique developed in 1933 by Pearson and
Hotelling. It is used to resolve the correlation between set of correlated
response (Tongetal.,2005; Routaraetal.,2010). These uncorrelated responses
are called principal components (PCs). In a PCA analysis, responses are
represented as cloud of n points in multi-dimensional (k-dimension) space
with an axis for each of k response. PCA calculate the centroid of data points.
The origin is translated to centroid and axes are orthogonally transformed
and called as principal axis or principal component axes. The component of
data points is calculated in terms of new reference frame. These axes explain
the variation in data such that first principal axis will explain the maximum
variation followed by second principal axis and so on but there will be no
correlation in data between two axes. Depending upon the percentage of
variation explain by these axes dimensions of data space can be reduced by
eliminating the axes along which there is least variation of data. The various
steps in principal component analysis are given as follows:

1. Collection of response data and normalization of data between [0, 1] as
per the objective of response i.e. higher the better, lower the better and
nominal the better. Here 1 is the best value and 0 will be worst value.

2. A variance-covariance matrix is constructed between each pair of
response. This matrix is a square matrix where diagonal elements are
variances and remaining elements are covariances. Variance (Vi) and
covariance (Cij) between the responses is calculated using Eq. 5 and
Eq. 6.

V: = Z(Xi _Xz:) (5
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C, =D (X, - X)X, - X)) (©)

observation.

3. Calculation of the Eigen value A, A ......\ and the corresponding Eigen
vector 3, 3,......3, (where, 3, = §3, .,.....3, ) from the variance-covariance

matrix formed by all the quality characteristics.
4. Calculation of principal components by using Eq. 7.

(7

Z, are principal component and Y are normalized data.

The present study uses modified form of PCA which considers all the
principal components including the principal components explaining the least
variations. This modified approach of PCA is known as WPCA (weighted
principal component analysis) (Routara et al., 2010).

TOPSIS (Technique for order of preference by similarity to ideal solution)
is a decision- making process that selects the best solution from a set of
alternatives, each of which is evaluated against multiple quality characteristic
or response (Tong et al., 2005; Lee et al, 2014). The chosen alternative
should be the one that is the closest to the ideal alternative and the farthest
from the negative-ideal alternative. The various steps used in TOPSIS are
discussed below:

is

nxk

Step 1: Construction of decision matrix: A decision matrix D = [ij

n x k matrix, where row represent alternatives and column represent
quality characteristic or response, X is an element corresponding to i
alternative and j” response and i = 1,2....n;j = 1,2...k

Step 2: Normalization of decision matrix: Normalize scores for each element
of matrix (r,) is calculated as per Eq. 8.
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X..
r= e (for i =1 2uceem; j = 1,2...) &

E iL'vz
%

i=1

Step 3: Weighted normalized decision matrix: Depending upon the importance
of eachresponse weights are assigned to them. Each column innormalized
decision matrix is then multiplied by its corresponding weight ‘w’ as
shown in Eq. 9.

V,=wr, ©)

where, V. is the element of weighted normalized decision matrix.
The weighted normalized decision matrix is represented as:

wlru. w27’l12"" ’l,UjT;j ’l)11 1)12.... vlk
wlTQI w?””??“” w]rz] = UQI v22°" /UZk
wlT;I,l w2 rﬂ? wj ,r;zk {Unl ’U”2 e Unk

Step 4: The distance of i alternative is then determined from the ideal and
negative-ideal solutions. The distance of the i” alternative from the ideal
solution is calculated as Eq. 10 and Eq. 11.

it = (10)
q = (11)
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max(min) { v, for i=1,2..n }
Vo !(i=12..m; j=12.k)

min(max) { v;,for i=12.n }
Vo(i =12..m§ = 12..k)

where, v]fv].’ =

v7,+ is used for profit and v~ is used for cost.

Step 5: Ranking of the alternative preference order by relative closeness to
ideal solution C, is determined using Eq. 12.

C, o=d [d"+d (12)

where, 0 < C, < I and Cjis TOPSIS score. The alternative corresponding to
the highest value of Ciis selected as optimized factor setting.

Confirmation Experiment

To verify the experimental conclusions confirmation experiments are
conducted by determining the results of test using a specific combination of
the factors and levels. Before carrying out the confirmation experiment, a
confidence interval (CI) is decided. The confidence interval is a maximum
and minimum value between which the value should lie at some stated
percentage of confidence. CI at 95% confidence level for each response is
calculated using Eq. 13 (Ross et al., 2005).

1 1
cl = Ems;l’ e +; (13)
neff
of al . (14)
1+n
247

EBSCChost - printed on 2/14/2023 12:24 PMvia . Al use subject to https://ww. ebsco.coniterns-of -use



EBSCChost -

Multi-Criterion Decision Method for Roughness Optimization of Fused Deposition Modelled Parts

n,, is number of effective terms calculated using Eq. 14. F'is F- statistic

value calculated from F'table, V, is degree of freedom of error, n'is number
of significant terms, r is sample size for confirmation experiment and N is
the number of experimental trials. It is important to mention that V, and n_,
are noted from pooled ANOVA table. The range for each response is then
calculated using Eq. 15.

n =mn *CI' (15)

pre

where, for 7" response 1 is range of expected value, N, is value predicted
for respective responses using response surface equations and CI is given by
Eq. 15 (Ross et al., 2005).

RESULTS

For the part fabricated, Ra’, Ra® and Ra® are measured as per the methodology
discussed in section 2. The results of measurement are tabulated in Table
5. Here Exp. No. (experiment number) 1, 2...20 corresponds to Exp. No.
mentioned in design matrix given in Table 3 and

-1, 0, 1 is coded values of control factors given in Table 2. Other factors
are kept at their fixed values mentioned in Table 1. Run order of experiment
is random and for each experiment three specimen is fabricated and their
average value corresponding to each response is tabulated in Table 5.
Roughness profiles of top, bottom, and side faces are shown in Figure 2.
(for a specimen manufactured as per Exp. No. 3). Roughness measurement
shows that surface roughness of side face (Ra®) of the specimen is less as
compared to roughness of top face (Ra’) and bottom face (Ra®) and this is
true for all other experiment run.

Data analysis is performed using statistical software Minitab R16 at 95%
of confidence level. ANOVA results corresponding to each studied response
is presented from Table 6. In these tables, SS corresponds to sum of square,
V corresponds to variance, DOF corresponds to degree of freedom, Reg
corresponds to regression and LOF corresponds to lack of fit. Adequacy of
regression and significance of each term is determined using F- value given
in ANOVA table. Probability of F value greater than calculated F-value due
to noise is indicated by p-value.
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Table 5. Experimental results for FDM parts

Roughness in pm
Run Order Exp. No.
Ra” Ra® Ra*
10 1 4.4220 7.2990 0.1360
15 2 1.4480 9.6175 0.3530
7 3 4.7600 10.0765 0.1960
3 4 2.3000 7.9050 0.4515
5 5 7.8000 7.0890 0.3490
17 6 1.8615 9.6445 0.6253
16 7 6.1965 9.8485 0.2240
2 8 1.9200 9.3040 0.3640
13 9 5.7785 8.7115 0.1550
14 10 1.3970 9.6560 0.4570
20 11 3.2570 6.9230 0.4850
9 12 3.5640 8.3195 0.3986
11 13 3.1640 9.4430 0.2180
1 14 3.7350 9.9055 0.2605
4 15 3.8800 9.0500 0.1645
6 16 3.6500 8.8030 0.2020
8 17 3.7190 8.8690 0.2835
12 18 3.3800 8.9320 0.2520
18 19 3.3400 9.0250 0.1790
19 20 3.6100 9.2775 0.1705

Figure 2. Roughness profiles for FDM part (a) Top face (b) Side face and (c) Bottom

face
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If p-valueisless than 0.05, corresponding term is considered as significant
or vice-versa. But, for lack of fit, p-value must be greater than 0.05. An
insignificant lack of fit is desirable because it indicates any term left out
of model is not significant and developed model fits well (Hattiangadi et
al. 2000.; Jeff et al., 2002; Montgomery, 2012). ANOVA results show that
quadratic model is suitable for predicting the considered response. Based
on F-value in ANOVA tables, significant factors and interaction terms for
different studied responses are presented Table 7. Figure 3 shows the Anderson
darling (A-D) normality plot for surface roughness. Here, p value is greater
than 0.05 signifying that residue follow normal distribution and respective
models developed by response surface equations (Eq. 16- Eq.18) are suitable
for practical engineering applications. Response surface plot for significant
interactions of surface roughness is presented in Figure 4.

Ra" = 3.51159 — 2.003054 + 0.54190C
+0.27200A x B — 0.59762A x C' — 0.34188B x C (16)

R’ = 98.27 %

Ra” = 8.9412 4+ 0.3103A4 + 0.4880B — 1.24B°
+0.8103C° — 0.9487A x B + 0.23304A x C (17)
R = 96.22 %

Ra® = 0.242406 + 0.1190804 + 0.046830C + 0.1486598° — 0.068100B x C

R = 8717 %
(18)

R? is coefficient of variation which indicates the percentage of total
variation explained in the model.

DISCUSSION

Fused deposition modelling is amaterial extrusion based additive manufacturing
process where part s fabricated using fusion bonding principle. In this process,
part material (ABS P400) is used in form of wire or filament. Part material is
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Table 7. Significant factors and interactions for studied responses in FDM part

fabrication
Figure 3. Normality plots for surface roughness (a) Ra™ (b) Ra® and (c) Ra’
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Figure 4. Response surface plots (a) Ra’, AxB (b) Ra”, AxC (c) Ra”, BxC (d) Ra®,
AxB (e) Ra®, AxC and (f) Ra’, BxC

SR (Top) =

SR (Top)

fed through canister provided at the bottom chamber of machine and is guided
throughroller mechanisminto liquifier. When heated above its glass transition
temperature (~110°C) the filament is melted to its semi molten state (Gibson
etal., 2010). The semi molten material is extruded from the nozzle, expands
and deposited in form of continuous beads (known as rasters) on previously
deposited material or table placed in temperature-controlled build chamber
(~80°C). When the melted material cools its viscosity increases forming it
into solid. Heat is transformed to the surrounding in the form of conduction,
convection and radiation (Turneretal.,2014). This causes localized heating and
melting of previously deposited material which causes fusion bonding between
newly deposited material and already deposited materials. For proper fusion
bonding, temperature of materials must be above glass transition temperature
(Tg) (Bellini et al., 2014). When two adjacent beads diffuse together the type
of surface results depend upon the degree of overlap between them. If the
overlapping is adequate it will result in a flat surface. Excess of overlapping
may result in bump formation and if overlap is less than the critical value it
may result in depression. The quality of bonding achieved between adjacent
beads is also affected by the amount of overlapping. Bonding is more and better
in case of excess overlap in comparison to deficient overlap (Bellehumeur et
al.,2008). The profile generated by elliptical cross section of raster deposition
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and overfilling between contact areas of two raster contributes in variation
along part thickness.

The variation of responses with change in input processing parameters is
studied using response surface plots. In general, Lower value of raster angle
(A) produces largerraster lengths whereas the higherraster angle will generate
shorter length of raster. The rasters are generated in form of continuous beads.
For better surface roughness larger raster angle or shorter raster length is
preferred due to less number of deposited beads and less variation is expected.
Increase in air gap (B) results in larger surface roughness roughness. For
a positive air gap, there are spaces on the sides of each deposited raster.
When the extruded melt is deposited on previously deposited rasters, it can
flow into these spaces in a random manner and can lead to high variation
in roughness. At zero or negative air gap the rasters are deposited adjacent
to each other with negligible or no spaces between rasters thus reducing the
variation in surface roughness. Lower value of raster width (C) is preferred
for minimizing roughness of FDM part as it reduces the variability of surface
roughness because of small height of resulting beads. Increase in further
raster width increases the surface roughness of part.

Response surface plots for surface roughness presented in Figure 4 is in
clear agreements with the above stated discussions. Figure 4 (a) to Figure 4
(c) shows that surface roughness of top face (Ra”) decreases with increase
of raster angle and increases with increase of air gap and raster width. This
is in clear agreement with the reasons explained. Roughness in top surface
is mainly contributed by the deposition of raster and also because of process
related errors propagating from layers below it, resulting in an accumulated
error on it. (Liu et al., 1998). Figure 4 (d) - Figure 4 (e) shows that roughness
of bottom face (Ra®) is also affected by raster angle, air gap and raster width
but for bottom face roughness is mainly contributed by support structure.
During part fabrication the bottom surface will always remain in contact
with support structure and after part fabrication the support is removed away
but its impression remains at the face affecting the roughness present in it.
Roughness in side face (Ra®) is because of staircase effect present due to
slicing of part. Staircase effect is more dominant in curved profiles however
straight profiles are not much affected by it. The presents study uses flat
part with side surface having straight profile thus, roughness of side face is
less in present study when compared to top and bottom face (Figure 4 (e)).
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Optimization

The criterion of desirability function is to select the