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ABSTRACT
Fused deposition modeling (FDM) is a unique rapid prototyping (RP) technique that uses plastic

material in a semi-molten state to fabricate the products directly from a CAD model. FDM is an
additive manufacturing method, and prototypes are made layer-by-layer through the addition of
semi-molten plastic material onto a platform from bottom to top. Sectors including the medical
implant industry need increasingly higher levels of dimensional accuracy, minimal surface
roughness and specifically tailored mechanical properties. But traditional FDM methods do not
effectively address these needs. Compared with some other conventional method the quality of

the FDM fabricated part extensively depends on process variable parameters.

The aim of this research work is to study the effect of process parameters such as layer height,
infill, build speed, and build temperature on dimensional accuracy, surface finish, and
mechanical properties (e.g. tensile strength) of FDM printed parts. Experiments were conducted
using Taguchi’s design of experiments consisting of three levels of optimization for four factors.
The Taguchi method was used to optimize effect input process parameters on dimensional
accuracy, surface finish, and tensile strength. A series of experiments were conducted on parts
produced using Flash forge 3D printer from ABS. To analyze the effect of each process
parameters on part quality, Taguchi analysis, ANOVA, main effect plots, interaction plots, 3D
Surface plots, and Contour plots were used. From the result obtained, response values show that
the optimal setting of process parameters for dimensional accuracy (AW, AT and AL) are the
layer height at 0.29 mm, infill at 15 %, build speed at 30 mm/min and build temperature at 220
°C, which yield minimum AW 0.0048 at maximum value of S/N ratio 46.3752, AT 0.0044 at
maximum value of S/N ratio 47.1309 and AL 0.0056 at maximum value of S/N ratio = 45.0362.
Based on the S/N analysis, the optimal process parameters for surface roughness (Ra) are the
same as the ones used for dimensional accuracy, yielding which give a minimum Ra = 7.779 pm
at maximum value of S/N ratio - 17.8185. Results of Taguchi optimization indicates that the
optimal FDM parameters for Tensile strength (UTS) are the layer height at 0.19mm, the Infill
rate at 45 %, Build speed at 180 mm/min and the build temperature at 240 °C which gives
maximum UTS =39.094 MPa at maximum value of S/N ratio = 31.8422.

KEYWORDS: Fuse deposition modeling, process parameters, Taguchi method, ANOVA
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Chapter 1
Introduction

1.1 Introduction
In any manufacturing process Customers do not like to wait for products. Fast changing

customer demand and increased competitiveness in marketplace forced the industries to rethink
the way products are designed resulting in introduction of new technologies for part fabrication.
There for, in this case processing time needs to be shortened by avoiding nonproductive times
needed to be eliminated. The traditional method involves time loss on concept designing,
manufacturing, assembly and testing. For instance, in foundry technology, lot of time is spent
until a satisfactory product is developed. This core factor and other drawbacks of traditional
method lead to modify the way the products are being designed and produced. The endeavor on
reduction of product development time has resulted in the birth of a new generation of
production equipment which manufacture part directly from the its CAD (computer aided
design) model on a layer by layer deposition principle without tools, dies, fixtures and human

intervention[ 1].This technology is known as Rapid prototyping.

The rapid prototyping (RP) technology is a cheap, flexible and fast way to the fabrication of
parts from CAD model. FDM is one of the RP technique that is used for fabricating solid
prototypes in various materials directly from a computer-aided design (CAD) data[2][3]. In this
study, an Acrylonitrile-Butadiene-Styrene (ABS) thermoplastic polymer is extruded through a
heated nozzle to deposit the layers. The controlled extrusion head deposits very thin beads of
material in semi molten state onto the build platform to form the first level. After the platform
lowers, the extrusion head places a second layer upon the first. Supports are fabricated along the

path; tie up to the part either with a second weaker material or with a perforated junction [4][5].

When setting the printing options of the machine, several process parameters have to be taken
into account, such as temperature, speed, infill densities etc., that directly influence the quality
(such as dimensional accuracy, surface roughness, tensile strength) of the fabricated parts.
Selecting these parameters also a great challenge for the users and is generally solved by
experience without considering their influence on the product. The surface finish of parts
obtained through these manufacturing processes is important, especially in cases where the

components are in contact with other elements or materials in their service life. For example,



building molds to produce components by means of Solid Free Form Manufacturing Processes.
Dimensional accuracy is extremely important in any product-development cycle as it directly
affects part functionality. inaccuracy of the parts being built by RP technology is one of the

major challenges that needs to be overcome[6][7].

1.2 Overview of rapid prototyping process

Rapid prototyping is a technology for quickly fabricating physical models, functional prototypes
and small batches of parts directly from computer-aided design (CAD) data[9]. In RP system a
CAD model is further changed into a thin slices/layered model and according to these slicing
data, the material is deposited in a form of layers. Process, solid freedom fabrication and layer
based fabrication. In RP system three types of materials, namely solid form, liquid form or
powder form are used for fabrication of different parts. CAD software play a virtual role in RP
system. With CAD software we can design a complex shape part easily[10]. The first methods
for rapid prototyping became available in the late 1980s and were wused 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 unfavorable short-run economics[11]. What is commonly considered to be the first
RP technique, Stereo lithography, was developed by 3D Systems of Valencia, CA, USA. The
company was founded in 1986, and since then, a number of different RP techniques have

become available[12].

The main advantage of the system is that almost any shape can be produced. Time and money
savings vary from 50 — 90 % compared to conventional systems[13]. No tooling is required to
manufacture parts of complex geometry just by tracing the CAD model layer by layer. The
ability to manufacture complex parts helps us to substantially reduce production cost, a concept
not possible in traditional manufacturing where complexity in design directly resulted in
increased cost due to increased cost of machining. One of the other advantages of RP
technologies is their ability to produce functional assemblies by consolidating sub-assemblies
into one unit thereby reducing the part count, handling time storage requirement. In addition,
error can be detected at an early stage. In spite of such added advantages it is not possible to

implement on a full scale at industrial level because of its limitations in terms of type of product



manufactured. Resolution is not as fine as traditional machining (millimeter to sub-millimeter
resolution) Surface flatness is rough[14] [15].
1.2.1 Basic process of RP

All rapid prototyping techniques consist of the following basic stages:

1. Development of CAD model.

2. Conversion of CAD model into STL format.

3. Slice the STL model into a number of thin layers.

4. Construct the model one above the other so that layers are approximation of model.

5. Clean and finish the model.
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Figure 1.1 Main process stages common to most rapid prototyping systems[16].

1. Development of a CAD model: The process begins with the generation of CAD model of the
desired object which can be done by converting the existing two dimensional drawing or by
creating a new part in CAD in various solid modeling packages.

2. Conversion to STL Format; Since different CAD software use different algorithms for
creation of 3D model STL format is used as a standard by all the prototyping applications. It
consists of a number of triangle shaped planar structure which when together stacked on one
another are used to approximate the model. This format also stores all information about the

coordinates and normal vectors of all the planar surfaces.



3. Slice the STL File: In the third step, a pre-processing program prepares the STL file to be
built. Several programs are available, and most allow the user to adjust the size, location and
orientation of the model. Build orientation is important for several reasons. First, properties of
rapid prototypes vary from one coordinate direction to another. For example, prototypes are
usually weaker and less accurate in the z (vertical) direction than in the x-y plane. In addition,
part orientation partially determines the amount of time required to build the model. Placing the
shortest dimension in the z direction reduces the number of layers, thereby shortening build time.
The pre-processing software slices the STL model into a number of layers from 0.01 mm to 0.7
mm thick, depending on the build technique. The program may also generate an auxiliary
structure to support the model during the build. Supports are useful for delicate features such as
overhangs, internal cavities, and thin-walled sections. Each PR machine manufacturer supplies

their own proprietary pre-processing software.

4. Layer by Layer Construction: The fourth step is the actual construction of the part. Using
one of several techniques (described in the next section) RP machines build one layer at a time
from polymers, paper, or powdered metal. Most machines are fairly autonomous, needing little

human intervention.

5. Clean and Finish: The final step is post-processing. This involves removing the prototype
from the machine and detaching any supports. Some photosensitive materials need to be fully
cured before use. Prototypes may also require minor cleaning and surface treatment. Sanding,

sealing, and/or painting the model will improve its appearance and durability.

1.2.2 Types of RP techniques

1. Stereo lithography (SLA)

This is based on selective polymerization of a photosensitive resin using ultraviolet light. In this
system, an ultraviolet laser beam is focused on the top layer of photo sensitive resin contained in
a vat. The beam is positions and moved in horizontal X and Y directions to polymerize the resin
within the boundary a particular cross-section. The cured layer of polymer is lowered by a
platform attached to it, so that a fresh layer of liquid resin covers the cured layer[17]. Even
though there are still many limitations to this process such as: Requires post-curing, Support
structures always needed, to Remove support structures can be difficult, Limited materials

(Photo polymers), Some war page, shrinkage and curl due to phase change. This technique have
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main advantages like to achieving accuracy in industries, Market shares and industry presence,

Capable of high detail and thin walls, Good surface finish[19].
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Figure 1.2 Schematic of stereo lithography [18]

2. Selective laser sintering (SLS)

In this process a high power carbon dioxide laser beam selectively melts and fuses powdered
material spread on a layer[20]. The powder is metered in precise amounts and is spread by a
counter-rotating roller on the table. A laser beam is used to fuse the powder within the section
boundary through a cross-hatching motion. The table is lowered through a distance
corresponding to the layer thickness (usually 0.01 mm) before the roller spreads the next layer of
powder on the previously built layer. The un sintered powder serves as the support for
overhanging portions, if any in the subsequent layers[21]. The main advantage is that the
fabricated prototypes are porous (typically 60% of the density of molded parts), thus impairing
their strength and surface finish, Variety of materials, no post curing required, Fast build times,
Limited use of support structures. However, Rough surface finish, Mechanical properties below
those achieved in injection molding process for same material. Many build variables, complex
operation, Material changeover difficult compared to FDM & SLA, some post-processing /

finishing required are the main limitation of this process[23].
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Figure 1.3 Schematic of selective laser sintering[22]

3. Laminated object manufacturing

Laminated object manufacturing included layer-by-layer overlay of paper material sheet, cut
utilizing a laser, every sheet speaking to one cross-sectional layer of the CAD model of the part.
In laminated object manufacturing the segment of the paper sheet which is not contained inside
the last part is cut into 3D shapes of materials utilizing a cross-lid cutting operation. This
procedure has been created taking into account sheet cover including other form materials and
cutting procedures. In view of the development guideline, just the external shape of the parts is
cut and the sheet can be either cut and after that stacked or stacked and afterward cut[24].The
main advantage is that its ability to produce larger-scaled models, Uses very inexpensive paper,
Fast and accurate, Good handling strength, environmentally friendly, Not health threatening.
However, this technique has its own disadvantages such as Need for decubing, which requires a
lot of labor, can be a fire hazard finish, accuracy and stability of paper objects not as good as

materials used with other RP methods[26].



X-Y Positioning
Device

Layer outline
and crosshatch

Laminating
Roller

Sheet
Material

Platform

Material Supply Roll

Figure 1.4 Schematic of an LOM setup[25]

4. Fused deposition modeling

FDM was developed by S. Scott Crump in the late 1980s and was commercialized in 1990 by
Stratasys. FDM begins with the same STL-format file downloaded to the machine, as does any
other 3D technology. The program is slicing the model, orienting and preparing it for the
building process. If it is necessary, support structures are generated. FDM works by laying down
molten plastic fiber, layer-by-layer from a heated nozzle onto a platform according to the 3D
model. The nozzle can be moved in different directions (horizontal and vertical) by a
numerically controlled mechanism. Once it is deposited in the proper direction, the material

rapidly cools down and hardens, bonding with the previous layer[27] .
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Figure 1.5 schematic of FDM[28]

1.3 Objectives of the research

1.3.1 General objective

The main objective of the present work is studies focused on experimental investigations to

analysis and optimize impact of Flash Forge Fuse deposition modeling (FDM) process

parameters on quality of part produced.

1.3.2 Specific objectives

to reduce the relative change in, width (AW) length (AL), and thickness (AT)
respectively.

To reduce the surface roughness of 3D printed parts.

To increase the Tensile strength of 3D printed parts.

Improving quality of part produced using flash forge FDM by controlling and optimizing

the process parameters.

1.4 Scope of research

This research work mainly focused on one of the Rapid prototyping that is Fused deposition

modeling. In order to achieve the objective notified earlier, the following scopes have been

recognized:

The machine used is Flash forge 3D printer.

Process parameters have been determined before doing the experiment and the quality of
the part printed on the printer determined by measuring dimensional accuracy, surface
roughness and tensile strength of the product.

Four process parameters such as layer height, infill, build speed and build temperature
have been used.

Quality of each part measured in terms of Dimensional accuracy (DA), Surface
roughness (Ra) and Tensile strength (UTS).

The result of experimental data will be analyzed using Taguchi analysis, main effect
plots, Interaction plots, 3D Surface plots and Contour plots.

Taguchi method will be used to optimize process parameters in terms of response.

Material used is ABS



1.5 Problem statement

Nowadays focuses has shifted from traditional product development methodology to rapid
fabrication techniques because reduction of product development cycle time is a major issue in
industries to remain competitive in market. RP is an efficient technology. Due to its ability to
build functional parts having complex geometrical shapes within a few minutes FDM is Rapid
prototyping technology.

It is mention that different process parameters have effects on the part quality of FDM.
Essentially the quality characteristics of FDM build part such as dimensional accuracy, tensile
strength; yield strength, dimensional accuracy, production time and surface roughness are the
primary concerns to manufactures and users. Deciding on the optimal process parameters to
improve surface finish, mechanical properties, material consumptions and build time is still a
challenging job for everyone. However, there are still no perfect optimal condition for all for all
types of parts produced by FDM. Most parts need better parameters to fulfill these disabilities.
The qualities of printed parts using FDM highly depend on selected process parameters.
Therefore, it is important to investigate and optimize effect of input process parameters on part
produced or outcome response. In traditional part fabrication on FDM, the dimensional accuracy
is large, surface roughness is not uniform and tensile strength is not improved due to this, quality
of the fabricated part may get affected. To get minimum change in dimension and surface finish
and great tensile strength the input parameter of Flash forge creator pro FDM should be
optimized. Thus to improve the quality of FDM fabricated parts additional research should be

carried out.

1.6 Motivation

Currently Rapid prototyping Techniques are used more and more in many industrial branches,
such as aerospace, automotive, defense and biomedical, to manufacture functional parts and end-
use products rather than prototypes. Therefore, the parts are required to possess sufficient
mechanical properties and quality to meet the requirements needed of their applications. In order
to bridge this gap, research efforts have been made to develop of the mechanical properties of

components as well as their surface quality and geometric accuracy.



1.7 Study environment

The study was done on the premises of Jimma University and Addis Ababa University. The
experimental setup was done in two mechanical labs, namely surface topography measurement
laboratory and material strength testing laboratory and one biomedical lab where three-
dimensional printing of the designed samples was conducted. The various reading for the
experimental setups was performed in the measurement lab. The experimental setup and

measurement were done with the help and guidance of laboratory supervisors.
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Chapter 2
LITERATURE REVIEW

In last era, many researches were done in the rapid prototyping and tooling techniques in a
specific product development. These were having been in the view of methods, products and
development of products in various applications. There also various related studies that prove
dimensional accuracy of RP systems is still a significant obstacle that is preventing RP
technology moving towards becoming a primary production process. Mechanical properties are
essential key characteristics of RP systems when considering RP to produce tooling or functional
parts. Selecting these parameters is often a great challenge for the user, and is generally solved
by experience without considering the influence of variations in the parameters on the
mechanical properties of the printed parts[7]. when RP was introduced in the beginning, the
materials that were used in these processes to produce components had low yield strength.
However, through advancements in material science, the photopolymers and thermoplastics used
now have much higher yield strengths[29].

Therefore, any attempt to develop functionally reliable part from FDM process should also
necessarily involve the fundamental studies of various process parameters. Earlier studies have
reported that FDM parameters such as layer thickness, air gap, raster width, and raster

orientation were significantly impacting the quality characteristics of build parts[30][31][32][33].

In relevant empirical studies, parametric optimization was used to develop the quality
characteristics of FDM parts or the process performance where the number of FDM process
parameters were studied and optimized. Tusharkumar B et al.[34] and J. Cantrell et
al.[35]investigated the elasticity performance of ABS material. Similarly, N.Saleh et al. [36],
K.Raney et al.[37], and B. Patel et al. [38]investigated the tensile strength of FDM parts. G.
Arumaikkannu et al. [39] and X. Zhang et al.[40] optimized the FDM process parameters
improving the surface roughness of build parts, while S. Adamczak et al. [41], M. Ibrahim et al.,
Azila et al. [42] and N.Sudinl et al. [43]have looked into the dimensional accuracy of FDM
parts. These previous studies investigated a single outcome quality response while some studies
were done in parametric optimization by investigating multiple quality objectives responses such
as Sukindar et al.[44], A.Kohad et al[45] and F.Ali et al.[46] They suggested that building a

functional part is attributed to various loading environments in practice. Consequently, process
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parameters require to be studied in such a way that they are collectively optimized

simultaneously, rather than optimize a single quality response.

2.1 Applications of rapid prototyping

The first RP system in 1988, has been implemented successfully in the industries of, aerospace,
electronics, automotive, toy and so on[47]. In divergence to traditional machining methods, the
majority of RP systems tend to manufacture parts based on additive manufacturing process,
rather than detraction or removal of material. Therefore, this type of fabrication is unrestricted by

the limitations attributed to conventional machining approaches[48].

The time and cost consideration favors prototype production using RP because more time is
available for design iteration and optimization [49],[50]. A case study provided by Wiedemann
and Jantzen [51] for Daimler-Benz AG shows that complete engine mock-ups can be fabricated
by RP technique at one fifth of the cost as compared to traditional methodologies. As an example
of application in medical field, the possibility of viewing and physically handling the precise
geometry before surgery enables the surgeon to obtain three dimensional anatomical information
as well as a solid product on which the proposed surgery can be simulated [52],[53].

Many engineering assisted surgery related publications discuss the use of bio-models generated
through RP for diagnostics operation planning and preparation of implants in a virtual
environment [54],[55],[56]. Some studies have been conducted integrating CAD, FE (Finite
element) analysis and RP techniques for direct manufacturing of customized implant model [57].
These studies demonstrate that application of RP in surgery reduces the overall cost by reducing
the theatre time and part preparation time. The inherent porosity of many products produced by
RP is advantageous for construction of individual, patient-specific scaffolds[58]. Initially, RP
systems have not been designed for the production of end use parts. However, design freedom
and no tooling requirement with RP enables economically viable production [59],[60].
Manufacturing of end-use products using RP techniques directly from CAD model is now known
as rapid manufacturing (RM)[61].RM is beneficial for the industry in terms of reducing the
production equipment requirement and time period for fabrication. Multi-layer printed circuit
board (PCB) can be conveniently fabricated by RP technology like SGC (solid ground
curing)[62].
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Although direct manufacturing of metal parts with RP is not well developed, indirect methods
have been found feasible through the combination of RP and metal casting. Such type of
integration gives rise to new application of RP in generating tools which are capable of forming
several thousand or even millions of parts before final wear out occurs is known as rapid tooling
(RT). RT is considered as natural extension of RP and is typically used to describe a process
which either uses a RP model as a pattern to create a mould quickly or uses the RP process
directly to fabricate a tool [63],[64]. RT methods can be classified into direct and indirect tooling
categories. Indirect RT requires some kind of master pattern which can be made by any RP
process. Today, almost all commercialized RP processes, selective laser sintering (SLS), stereo
lithography (SL), fused deposition modelling (FDM), inkjet plotting, 3D printing (3D-P), solid
ground curing (SGC), multi-jet modelling (Actua) and laminated object manufacturing (LOM)
have been employed to produce patterns with varying success[65],[66],[67]. Direct RT, as the
name suggests, involves manufacturing a tool cavity directly by the use of RP system; hence,
eliminates the intermediate step of generating a pattern[68],[69].

2.2 Research and development in FDM

The development of key properties such as dimensional accuracy, surface roughness and the
mechanical properties of RP parts is crucial to evolving RP applications to produce functional

parts rather than only producing prototypes and to minimizing any excessive post-processing.

2.2.1 Dimensional accuracy

RP technology has significantly contributed to manufacturing industry, particularly by reducing
the time to produce prototype parts and improving the capability to visualize part geometry. The
physical prototype provides the ability for earlier detection and minimizing design errors and the
capability to compute mass properties of components and assemblies. Dimensional accuracy of
RP systems is still a significant obstacle preventing RP technology moving towards becoming a
primary production process[70].

Also, dimensional accuracy is extremely important in any product development cycle as it
directly affects part functionality. The relative importance of the accuracy of various part
features is attainable from designer defined tolerances [71]. Dimensional accuracy can be
defined as the deviation of the geometry from the progenitor CAD model to the real part. The
thermoplastic ABS material used in FDM machines experiences a volume change when it is

heated and then extruded onto a build platform[72]. RP parts tend to shrink from their given
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dimensions in the CAD model according to the heating and cooling processes during depositing
of the layers. Consequently, after producing an RP part, it become smaller or loses its desired
dimension as designed in 3D CAD. Most rapid prototyping systems use the de-facto standard
STL CAD file format of solid representation to define the solid parts to be built. However, STL
files pose the problems of dimension, form and surface errors resulting from approximation of
three dimensional surfaces by triangular facets. Although, a large number of facets can be used
to reduce these errors, doing so will result in a large data file and longer part build time. Errors
that occur during the building are mainly in the manufacturing control factor setups. Different
parameter setups will generate different machining accuracy and build times[73] .

RP models can suffer from warpage. Hence the RP user must consider the linear dimensional
inaccuracy and warpage of RP models when considering possible applications for the RP parts.
In RP technology advancement, dimensional accuracy became a key characteristic to be studied
in both academic and industrial fields since the emergence of RP systems. dimensional accuracy
of RP systems is still a significant obstacle preventing RP technology moving towards becoming
a primary production process[74]. Dimensional accuracy is extremely important in any product
development cycle as it directly affects part functionality. Similarly, the overall inaccuracy of the
parts being built by RP technology has been one of the major challenges that need to be
overcome[75]. Errors due to shrinkage and warpage dominate the inaccuracy of the part. The
relative importance of the accuracy of various part features is attainable from designer defined
tolerances. In RP system advances, several methodologies were applied to improve the
dimensional accuracy of parts. Process planning of RP systems, such as data file correction,
slicing data improvement, support structure generation and path planning has been investigated
to improve the parts accuracy.

O.A. Mohammed et al[76] studied a methodology for an effective FDM process parameter
optimization using I-optimal design and the mathematical models were developed to describe the
relationship between input parameters and dimensional accuracy. They concluded from this work
results from statistical analysis have proved that the developed regression models can describe
the relation- ship between input parameters and dimensional accuracy with a 95% confidence
interval, The parameters (layer thickness, air gap, build orientation, road width, and number of
contours) show a significant effect on percentage change in length. It was observed that the

percentage change in width of the part decreases linearly with decrease in layer thickness, air
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gap, road width, and number of contours. With an increase in layer thickness and number of con-
tours from low to high level, percentage change in thickness also increases. However, the latter
decreases with the increase in air gap, raster angle, build orientation, and road width, from low

level toward high level.

M.N. Sudin et al. [43] This research investigates the dimensional accuracy of parts produced
using the additive manufacturing method of Fused Deposition Modeling (FDM). They concluded
that for fabricating a circular shape part, the nominal value must be set, over sizes than the
intended dimension as to compensate its negative dimensional deviation. This shows that FDM
machine is less accurate in producing a circular shape part such as cylindrical, sphere and hole as
the majority of them are out of the machine’s tolerance. It can be said that part features and its

dimension will influence the dimensional accuracy of FDM parts.

2.2.2 Surface roughness (Ra)
The surface finish of parts obtained through RP process is highly important, especially in cases
where the parts come in contact with other elements or materials in their service life, for example

moulds made up of components manufactured by RP processes.

N.H.Tran et al.[77] Analyzed the influence of factors such as materials (filament diameter and
properties), printing condition (nozzle diameter, atmosphere and pre-heating). Machine
specifications (rigidity, accuracy, functions, static and dynamic behavior) and printing
parameters (layer thickness, path width, printing speed, and path direction) on the part quality.
Then, the optimal values of printing process are applied for printing the gears and shafts of the

gear box with ABS and PLA materials.

S. Dinesh Kumar et al.[29] Examined five FDM parameters like layer thickness, air gap, raster
width, contour width, raster orientation at two variable settings for building test parts. Full factor
design was used in this study to conduct an experimentation plan to determine the optimum
parameters settings that affect the output characteristic response i.e., surface roughness (Ra). they
affirm that not all FDM parameters have impact on the Surface roughness; also they found that
Negative air gap at (-0.01 mm) and layer thickness at (0.254 mm) or raster width at (0.508 mm)

can be used to reduce surface roughness. Use small layer thickness to increase Surface Quality.
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Using the optimal part orientation is vital to reduce support material, which will lead to reduce

building time and improve the surface finish.

Y.S. Dambatta et al.[78] studied the effect of process parameters which including layer
thickness and deposition on surface roughness of FDM prototypes. An ANFIS prediction model
was developed to obtain the surface roughness in the FDM parts using the main critical process
parameters that affects the surface quality. The experimental response shows that the process
parameters deeply affects the surface quality in the FDM prototypes. It was also observed that
the ANFIS model constructed for predicting the surface roughness in the FDM prototypes has an
accuracy of about 93.34%.

G.S. Bual et al. [79] Found that there are various methods to improve surface finish of FDM
parts. The surface finish can be improved by choosing suitable build orientation of the part. It
can also be increased by reducing the layer thickness of build material. However, it will increase
the build time. It has been found that the surface finish can also be improved by using some post
processing techniques. Out of post processing techniques, chemical treatment has been used

successfully to produce a very good surface finish.

2.2.3 Tensile strength

O.A. Mohammed et al[80] studied influence of critical FDM parameters-layer thickness, air
gap, raster angle, build orientation, road width, and number of contours-are studied using Q-
optimal response surface methodology. Their effects on build time feedstock material
consumption and dynamic flexural modulus are critically examined. This study concluded that
the most effective parameters on build time, feedstock material consumption and dynamic
flexural modulus are found to be layer thickness, air gap, build direction and number of contours.
However, raster angle and road width are less effective on build time and feedstock material
consumption. Dynamic flexural modulus improved significantly using thick layers, zero air gap

and 10 contours.

D. Cristian et al.[81] Evaluate the tensile properties of 3D printed components produced using
a commercial 3D printer by performing standard tensile tests and to assess the influence of the
technological parameters upon mechanical proprieties of printed specimens, considering

different printing directions, infill rates and infill patterns. The influence of raster angles is tested
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through the designed specimens with different transverse plane, they are printed by placing in
different angle, including 0°, 30°, 45° and 90°. Specimens with an infill rate varying from 20%
to 100% and six different infill patterns have been tested. They concluded that the mechanical
properties of ABS specimens fabricated by fused deposition modeling display are significantly
influenced not only by the infill rates as expected, but also about the printed pattern of different
layers and their orientation, the effect of the void geometry on the local stresses and strains will

affect the macro scale mechanical behavior of the material.

F. Rayegani et al.[82] Determined the functional relationship between process parameters and
tensile strength for the fused deposition modelling (FDM) process using the group method for
data modelling for pre- diction purposes. An initial test was carried out to determine whether part
orientation and raster angle variations affect the tensile strength. It was found that both process
parameters affect tensile strength response. Further experimentations were carried out in which
the process parameters considered were part orientation, raster angle, and raster width and air
gap. The process parameters and the experimental results were submitted to the group method of
data handling (GMDH), resulting in predicted output, in which the predicted output values were
found to correlate very closely with the measured values. Using differential evolution (DE),
optimal process parameters have been found to achieve good strength simultaneously for the
response. The mathematical model of the response of the tensile strength with respect to the
process parameters comprising part orientation, raster angle, raster width and air gap has been
developed based on GMDH, and it has been found that the functionality of the additive
manufacturing part produced is improved by optimizing the process parameters. The results
obtained are very promising, and hence, the approach presented in this paper has practical

application for the design and manufacture of parts using additive manufacturing technologies.

J.M. Chacon et al.[83] Studied the effect of build orientation, layer thickness and feed rate on
the mechanical performance of PLA samples manufactured with a low cost 3D printer. Tensile
and three- point bending tests are carried out to determine the mechanical response of the printed
specimens. From this study they concluded that: on-edge samples showed the optimal
mechanical performance in terms of strength, stiffness and ductility, ductility decreased as layer

thickness increased, In upright samples, tensile and flexural strength decreased as the feed rate
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increased, and If minimum printing time is desired: high layer thickness and high feed rate are

recommended.

2.3 Literature summary
This chapter reviewed several past experiments, different optimization approaches, and modeling

technique that have been carried out by many researchers on FDM. For the sake of simplicity, it
is divided into three main sections. In section 2.2.1, reviewed various experiments conducted by
some researcher on dimensional accuracy of parts printed on FDM machine have been discussed,
In Section 2.2.2 reviews the literature on optimization of surface roughness using Taguchi
method and Response surface method Section 2.2.3 reviews the literature that have been carried

out on optimization of processes parameters for greater tensile strength.

From the study of research papers on FDM, it is found that different process parameters for
improving quality of printed part like, DA, Ra and UTS etc., different optimization technique

were used in single or by hybrid with other technique.

2.4 Gaps in literature review

Some gaps are identified on the basis of which aim for further study has been decided. Some are

e Since this technology is resent Very few researchers are reported on usage of the Taguchi
method in FDM for single and multi-objective optimization purpose.

¢ insufficient work has been done for optimization of flash forge creator process
parameters for certain materials.

e Less work has been reported on optimization of FDM process using Taguchi methods.
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Chapter 3
Materials and methods
3.1 Flash forge creator pro machine specification
Flash forge creator pro as shown in Figure 3.1, was used to produce the specimens. This machine
is developed and marketed by Stratasys. The machine has large build chamber volume
(227x148x150mm). It incorporates multiple materials like ABS, PLA and uses Water Works
soluble support for ABS. Support material use can be easily breakaway by hand. It can build part
in three available layer height that are 0.180mm, 0.290mm and 0.40mm. The creator pro has an
enclosure and two fans blowing air out of the box when the nozzle fan is activated. A heated bed

is featured as well as a double extruder configuration.

Figure 3.1 Flash forge creator pro

The machine is equipped with Insight software that assists the user to adjust the variable
parameters in building part specification. FDM Insight software will then read the STL format to
allow the user to modify the file to confirm to the building specification to create tool path-filling
parameters. As shown in figure these parameters governing the most basic control of the print,
such as layer height, print quality, infill density, or orientation. Others give full control over all
the parameters such as infill pattern, support location, shell thickness, printing speed, and many

more.
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Table 3.1 FDM machine specification

Printing specification

Number of extruder 2
Print technology Fused filament fabrication
Screen LCD Panel
Build volume 227%x148x150mm
Layer resolution 0.05-0.4mm
Build precision +0.2mm
Positioning precision Z axis 0.0025mm; XY axis 0.01 Imm
Filament diameter 1.75mm(%0.07)
Nozzle diameter 0.4mm
Build speed 10-200mm/sec
Software Flash print
AC input 100V-240V/4.5A-2.5A
Connectivity USB Cable, SD Card
NET Weight 14.8kg
3.2 ABS Material

Acrylonitrile Butadiene Styrene (ABS) chemical formula (C8H8: C4H6-C3H3N)n) is a
common thermoplastic. It used to make light, rigid, molded products such as piping (for instance
Plastic Pressure Pipe Systems), musical instruments (most notably recorders and plastic
clarinets), golf club heads (used for its good shock absorbance), automotive body parts, wheel

covers, enclosures, protective head gear, buffer edging for furniture and joinery panels, and toys,

including Lego brick.
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Figure 3.2 Monomers in ABS polymer
ABS is a copolymer made by polymerizing styrene and acrylonitrile in the presence of
polybutadiene. The proportions can vary from 15 to 35% acrylonitrile, 5 to 30% butadiene and
40 to 60% styrene. The result is a long chain of polybutadiene crisscrossed with shorter chains
of poly(styrene-co-acrylonitrile). The nitrile groups from neighboring chains, being polar, attract

each other and bind the chains together, making ABS stronger than pure polystyrene. The styrene
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gives the plastic a shiny, impervious surface. The butadiene, a rubbery substance, provides
resilience even at low temperatures. ABS can be used between -25 and 60 °C. The properties are
created by rubber toughening, where fine particles of elastomer are distributed throughout the

rigid matrix.it can also be recycling.

3.2.1 Properties of ABS plastic
The advantage of ABS is that this material combines the strength and rigidity of the acrylonitrile

and styrene polymers with the toughness of the polybutadiene rubber. The most important
mechanical properties of ABS are impact resistance and toughness. The table given below shows
the main properties of ABS.
Table 3.2 Properties of ABS

Property Extruded Moulded Unit

Physical property

Density 0.350-1.26 1.02-1.17 g/cm3

Moisture Absorption at 0.150-0.200 0.000 - 0.200 %

Equilibrium

Viscosity 155000 - 255000 1.16e+6-1.52e+6 Cp
(Temperature 240-260°C) (Temperature 240-260°C )

Linear Mould Shrinkage 0.00240 - 0.0120 0.00200 - 0.00900 cm/cm

Mechanical property

Hardness Rockwell R 90.0 - 121 68.0- 115

Tensile Strength, Ultimate  27.0 - 52.0 28.0-49.0 MPa

Tensile Strength, Yield 20.0 - 62.0 13.0-65.0 MPa

Modulus of elasticity 1.52-6.10 1.00-2.65 GPa

Elongation at Yield 0.620 - 30.0 1.70 - 6.00 %

Flexural Modulus 1.20-5.50 1.61-5.90 GPa

Flexural Yield Strength 28.3-81.0 40.0-111 MPa

Chirpy Impact, Notched 0.900 - 5.00 0.400 - 14.0 J/em?

Izard Impact, Notched 0.380 - 5.87 0.100 - 6.40 J/em

Thermal properties

Thermal Conductivity 0.150 - 0.200 0.128 - 0.200 W/m-K

Coefficient of thermal 68.0-110 0.800 - 155 um/m-°C

Expansion, linear

Glass Transition 108 - 109 105 -109 °C

Temperature

3.3 Experimentation setup: Selection of parameter

Some of the main flash forge variable parameters are considered in this research to evaluate the
correlation between these parameters and the proposed response characteristics. these parameters

are described as follow.
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Layer height
It is recognized as the height of deposited slice from the FDM nozzle. Layer height decides on
how high each layer will be, in other words how much the extruder is translated in Z direction for

each layer shift.

Infill

Infill pattern in 3D printing refers to the structure that is printed inside the model. By using
slicing software, an infill pattern for an object can be defined in various percentage and shapes.
Infill patterns influence the print time, weight, print quality, object strength and its mechanical
properties. For this study the values of 15%,30%and 45% were considered. For printing solid
patterns, an infill route must be defined that completely fills the desired area, while giving a

uniform print quality over the area, with as little material usage as possible.

vav
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Figure 3.3 Infill pattern of part one

Printing speed
The printing speed is the speed which the extruder moves in X and Y direction. This is usually

set between 10 mm/sec and 200 mm/sec.

Build temperature

It is temperature of the heated nozzle and the temperature of the plastic has when it is extruded.
Build temperature is one of the most important parameters to be considered during part
fabrication.

Four factors layer height(A), infill density (B), build speed (C) and build temperature (D) varied
each at three level, as shown in Table 3.3 are considered. Others factors are kept at fixed level as

shown in Table 3.3.

Table3.3 Process parameters to be controlled
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Factors symbol unit Level Level Level

1 2 3
Layer height A mm 0.180 0.290 0.40
Infill B % 15 30 45
Build speed C mm/sec 60 120 180
Build temperature D °C 220 240 260

3.4 Design of experiment
Design of experiment is a systematic and scientific way of planning the experiments, collection

and analysis of data with limited use of available resource. The DOE approach helps to study
many factors simultaneously and most economically by studying the effects of individual factors
on the result, the best factor combination can be determined. Since design of experiment using
Taguchi’s provides an efficient plan to study the experiments, with minimum amount of
experimentation, it was chosen for performing the FDM variable process parameters
experiments. Based on selected cutting process parameters and their levels a experimental design
matrix was constructed (Table 3.4) using Taguchi L9 orthogonal array (three levels-four factors)
were selected depends on number of factors and their levels. Each experimental trials in the
design consists of combination of different FDM parameters with different levels. It is used to

measure surface roughness (Ra), dimensional accuracy (DA) and tensile strength (UTS)

Table 3.4 Experimental data obtained from the L9 orthogonal array

EXP. trials Input parameters
Laser height Infill Build speed Build Temperature

mm % mm/sec °Cc
1 0.180 15 60 220
2 0.180 30 120 230
3 0.180 45 180 240
4 0.290 15 60 220
5 0.290 30 120 230
6 0.290 45 180 240
7 0.40 15 60 220
8 0.40 30 120 230
9 0.40 45 180 240
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3.5 Specimen fabrication

Specimens are fabricated using Flash forge FDM machine for respective characteristic
measurement. The 3D models of specimens are generated using SOLID WORK 2016 solid
modeling software and exported as STL (stereo lithography) file to FDM software (Insight).

Figure 3.4 is showing the specimen model on solid work.

Figure 3.4 Specimen model on Solid work

STL file it is time to convert the model to an X, Y and Z based code that the printer can read, this
code is called a g-code. As the 3D printer is using X, Y and Z coordinates to navigate this code is
needed. The process where a. G CODE is generated in 3D printing context is called slicing.

Figure 3.5 is showing the interface of the slicing software Simplify3D.
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File Edit Print View Tools Help

Figure 3.5 Simplify3D slicer software interface

File Edit Print View Tools Help
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Figure 3.6 3D STL Model placed on the virtual bed in Simplify3D

The above Figure 3.6 shows the specimen placed flat on the building plate virtually in the slicing
software. X, Y and Z axis directions are shown. After this, data is sent to the FDM hardware for
modeling. The forming material (ABS) in the form of a flexible strand of solid material is

supplied from a supply source spool to the head of the machine. One pair of wheels or rollers
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having a nip in between are utilized as material advance mechanism to grip a flexible strand of

modeling material and advance it into a heated dispensing or liquefier head.

The material is heated above its solidification temperature by a heater (liquefier) on the
dispensing head and extruded in a semi molten state on a previously deposited material onto the
build platform following the designed tool path. The head is attached to the gantry that man
ocuvres the head in the X and Y directions when building a part. The XY gantry assembly is
located under the top hood of the machine. The entire gantry is outside of the build chamber.
Only the bottom of the head protrudes into the build chamber. The build platform moves along
the Z direction. The drive motion is provided to selectively move the build platform and
dispensing head relative to each other in a predetermined pattern through drive signals input to

the drive motors from CAD/CAM system.

For material deposition FDM uses two nozzles, one for model material deposition and other for
support material deposition. These two nozzles work alternately to each other. The following
figure provides the schematic description of steps entailed during part fabrication in FDM
machine. The fabricated part takes the form of a laminate composite with vertically stacked
layers, each of which consists of contiguous material fibers or raster with interstitial voids. Fiber-
to-fiber bonding within and between layers occurs by a thermally driven diffusion bonding

process during solidification of the semi-liquid extruded fiber.

il

Figure 3.7 Parts fabricated by FDM machine
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3.6 Methods of Measurement and Testing

3.6.1 Dimensional accuracy

Dimensional accuracy is understood as degree of compatibility of basic dimensions of the
obtained product with dimensions of the ideal product (nominal dimensions). The dimension of
fabricated parts is measured at five different location using Varner calliper with least account of
0.02 mm. Venire calliper is a precision instrument that can be used to measure external distances
accurately. For measurement purpose it has two jaws, external and internal jaws. External jaws
are used to measure external dimensions like length, width and thickness. Other than these two
jaws, there is depth-measuring bar used for measuring the heights or depth. For measuring length
(L), width (W) and thickness (T), the specimen to be measured is placed between external jaws
and they are carefully brought together. Test specimen employed for measuring dimensional

accuracy is shown in Figure 3.9.

Figure 3.9 Test sample for dimensional analysis

Measurements show that measured length (L), width (W) and thickness (T) is always more than

the CAD model value.

Relative change in dimensions (AW, AT and AL) can be calculated using equation 3.1. Relative

change in dimensions = (X — XcAD)/XCAD) «-+vvvrvnrrrnmneieneiianaiannens. Equation 3.1

Where, X is the measured value of length or width or thickness, Xcap represent the respective

CAD model value.
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3.6.2 Surface roughness (Ra)

The surface roughness was measured by using standardized surface roughness device called
BELLSTONE surface tester on the flat top of the designed benchmark part. Surface roughness of
each fabricated parts are measure at five different places on the top and bottom surfaces and the
average values used for analysis, the unit of measure is um. Figure 3.10 shows the BELLSTONE
equipment and the fabricated part. In addition, the measurement has been performed in the

direction of built layers as shown in figure.

Figure 3.10 Measurements by BELLSTONE to the parts produced by flash forge FDM

3.6.3 Tensile strength

The tensile strength of material is defined as the maximum stress that the material can sustain
under uniaxial tensile loading. The ability of a composite material to withstand forces that pull it
apart is analyzed by its tensile strength, basically stating the extent to which the material will
stretch before breaking. The load-indicator zero and the plot-load-axis zero, if applicable, should
be set before the specimen is placed in the grips. Then the specimen placed in the grips by proper
alignment and specimen tabs should be fully engaged by closing the grips. One of the cross head
is fixed at one end and other end is move uniaxial, the peak force (load at break) measured.

The tensile tests were carried out using a testometric material testing machine 350 KN maximum
capacity, The cross head speed of this machine is Imm/min and the test stops once the specimens
broken. The material used for specimen preparation is ABS with a nominal thickness of 8 mm,
width 12 mm and the tensile strength is calculated by dividing maximum load(load at break)

with original cross sectional area(original width x original thickness).

Breaking load(Pf)
(orignal cross sectional area(Ao)

Tensile strength (UTS) = ——8M8M————— ... .Equation 3.2
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Figure 3.11 shows testometric and tensile testing in order to predict the influence of FDM

parameters settings on tensile strength.

Figure 3.11 Testometric Machine and tested specimen

3.7 Methods of analysis

To investigate the relationship between variable parameters and the outcome response, a number
of analysis methods should be followed. In this research work, various analysis methodologies
were used to relate the response compressively. Taguchi analysis, Signal to Noise ratio (S/N
ratio) and analysis of variance (ANOVA) were used for analysis and optimization of
experimental result. Main effect plots, Interaction plots, 3D Surface plots and Contour plots were
also plots using Minitab (V 18.1) software to study relationship between process parameters and

outcome results.

Taguchi analysis

Taguchi analysis for dimensional accuracy, surface roughness and tensile strength were done to
relate rank of various factors in terms their relative significance. Taguchi analysis were done
with the help of Minitab. It clearly shows that which factor most significantly affect, which one

has less effect on the response outcome respectively.

Signal to noise ratio (S/N):
According to Taguchi method, the S/N ratio is the ratio of signal to noise where signal

represents the desirable value (i.e., the mean for the output characteristics), and noise
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represents the undesirable value (i.e., the square deviation for the output characteristics). To
evaluate quality of fabricated parts, all experimental result should be transformed into the S/N
ratios. Depending on the goal of the experiment for the quality representative to be optimized,
different S/N ratios can be chosen: Smaller-the better, Nominal - the best and larger- the better.
In this case lower values of the dimensional accuracy and surface roughness are desirable for
maintaining high cut quality. In case of tensile strength larger — the better has been chosen.
According to this study The S/N ratio for mean surface roughness and dimensional inaccuracy
are calculated using the smaller the-better criterion as depicted in Equation (3.3) and the larger

the —better criterion as depicted in Equation (3.4) for tensile strength.

2
SNR, = —101log zg;ly;i .......................................... Equation (3.3)

1
2
SNR; = —1010g2?=1% ........................................... Equation (3.4)

Where, n is the number of experiments in the orthogonal array and y;the i;;value measured.

Analysis of variance (ANOVA)

The results for experiments were analyzed using ANOVA for identifying the significant factors
affecting the performance measures. For significance check F — value and P — value given in
ANOVA table is used. The principle of the F-test and P- test is that the larger F value and
smaller value for a particular parameter, the greater the effect on the performance characteristic
due to the change in that process parameter. If the P- value less than 0.05 (i.e., a = 0.05, or 95%
confidence level) indicate process parameters term are significant and P - Values greater than
0.1000 indicate the model terms are not significant, which implies the Lack of Fit is significant,

this large could occur due to noise.
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Chapter 4
Result and Discussion of Dimensional accuracy

4.1 Introduction
In this section result of Dimensional accuracy like; width, length, and thickness are analyzed and

optimized using Taguchi methods. Effect of process parameters like; layer height, infill, build
speed, and build temperature on dimensional accuracy of produced parts using Flash forge FDM
machine are optimized using Taguchi method. Analysis of Variance, main effect plots,
Interaction plots, 3D Surface plots and Contour plots for Dimensional accuracy are constructing
with the help of Minitab V18.1 software, to analysis the relationship between each process
parameters. Optimum setting was determined using S/N ratio.

4.2 Result of Dimensional accuracy

The difference between CAD model dimension and actual dimension is measured and mean
results were used for Analysis purpose. The results of Dimensional accuracy (AW, AT, and AL)
for each of 9 experiments are given in Table 4.1. S/N ration was calculated using MINITAB V18
trial software. The unit of measure is mm. In Figure (4.1 — 4.3) Bar chart plots for mean and S/N
ratio shows distribution of dimensional accuracy like AW, AT, and AL for each experimental

trial respectively

Table 4.1 Experimental result of Dimensional accuracy: AW, AT, AL

Exp. Factors Relative change in dimension
trial | Layer Infill Build Build Mean S/N | Mean S/N | Mean  S/N
height speed  temperature | AW ratio AT ratio AL ratio
mm %  mm/min °C
1 0.180 15 60 220 0.0266  31.5024 | 0.0075 42.4988 | 0.0061 44.2934
2 0.180 30 120 230 0.0156  36.1375 | 0.0087 41.2096 | 0.0061 44.2934
3 0.180 45 180 240 0.0176  35.0897 | 0.0106 39.4939 | 0.0057 44.8825
4 0.290 15 60 220 0.0048  46.3752 | 0.0044 47.1309 | 0.0056 45.0362
5 0290 30 120 230 0.0152  36.3631 | 0.011 39.1721 | 0.0061 44.2934
6 0290 45 180 240 0.0102  39.8280 | 0.0141 37.0156 | 0.0060 44.4370
7 0.40 15 60 220 0.0192  34.3340 | 0.0056 45.0362 | 0.0059 44.5830
8 0.40 30 120 230 0.0202 33.8930 | 0.01  40.0000 | 0.0060 44.4370
9 0.40 45 180 240 0.0199 34.0229 | 0.0109 39.2515 | 0.0061 44.2934
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4.3 Taguchi analysis for Dimensional accuracy

Results of dimensional accuracy were analyzed using Taguchi analysis. Table 4.2 and 4.3 shows

rank of various factors in terms their relative significance for relative change in dimension of

width (AW). From the table it can be clearly observe that layer height has most significant

factors, followed by build temperature, build speed and infill respectively. Table 4.2 shows

response table for mean AW and Table 4.3 shows response table for S/N ratio of AW.
Table 4.2 Response table for mean AW

Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 0.01993 0.01687 0.01900 0.02057
2 0.01007 0.01700 0.01343 0.01500
3 0.01977 0.01590 0.01733 0.01420
Delta 0.00987 0.00110 0.00557 0.00637
Rank 1 4 3 2
Table 4.3 Response table for S/N ratio of AW
Smaller is better
Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 34.24 37.40 35.07 33.96
2 40.86 35.46 38.85 36.77
3 34.08 36.31 35.26 38.45
Delta 6.77 1.94 3.77 4.49
Rank 1 4 3 2

Table 4.4 and 4.5 shows rank of various factors in terms of their relative significance for relative

change in dimension of thickness (AT). From the table it can be clearly observe that infill has

most significant factors, followed by build speed, build temperature and layer height

respectively.

Table 4.4 Response table for mean AT

Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 0.008933 0.005833 0.010533 0.009800
2 0.009833 0.009900 0.008000 0.009467
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3 0.008833 0.011867 0.009067
Delta 0.001000 0.006033 0.002533
Rank 4 1 2

0.008333
0.001467
3

Table 4.5 Response table for S/N ratio of AT

Smaller is better

Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 41.07 44.89 39.84 40.31
2 41.11 40.13 42.53 41.09
3 41.43 38.59 41.23 42.21
Delta 0.36 6.30 2.69 1.90
Rank 4 1 2 3

Table 4.6 and 4.7 shows rank of various factors in terms of their relative significance for relative

change in dimension of length (AL). It can be observe that build temperature has most significant

factor affecting relative change of length followed by infill, build speed and layer height

respectively.

Table 4.6 Response table for mean AL

Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 0.005967 0.005867 0.006033 0.006100
2 0.005900 0.006067 0.005933 0.006000
3 0.006000 0.005933 0.005900 0.005767
Delta 0.000100 0.000200 0.000133 0.000333
Rank 4 2 3 1

Table 4.7 Response table for S/N ratio of AL

Smaller is better

Layer height Infill Build speed Build temperature
Level ‘
mm % mm/min °C
1 44.49 44.64 44.39 44.29
2 44.59 44.34 44.54 44.44
3 44.44 44.54 44.59 44.79
Delta 0.15 0.30 0.20 0.49
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Rank 4 2

3

4.4 Analysis of variance for Dimensional accuracy: AW, AT, AL

The results for dimensional accuracy were analyzed using ANOVA for identifying the

significant factors affecting the performance measures. In Table 4.8 and Table 4.9 shows, result

of analysis of variance (ANOVA) for the mean and S/N ratio of relative change in width (AW) at

95% confidence interval respectively. For significance check F — value and P — value given in

ANOVA table is used. The principles of the F-test and P- test is that the larger F value and

smaller value for a particular parameter, the greater the effect on the performance characteristic

due to the change in that process parameter. If the P- value less than 0.0500 (i.e., a = 0.05, or

95% confidence level) indicate process parameters term are significant. ANOVA table for mean

and S/N ratio of relative change in width (AW) shows that P — value 0.015 and 0.0185

respectively which is less than 0.05 for layer height, this shows that layer height has most

significant factor that affects the mean and S/N ratio relative change in width (AW).

Table 4.8 Analysis of Variance for means AW

Source DF  Adj SS Adj MS F-Value P-Value
Layer height 2 0.000231 0.000116 2.31 0.015
Infill 2 0.000008 0.000004 0.08 0.215
Build speed 2 0.000109 0.000027 1.02 0.118
Build temperature 2 0.000196 0.000073 1.65 0.048
Error 4 0.000200 0.000050
Total 12 0.000744

Table 4.9 Analysis of Variance for S/N ratio of AW
Source DF AdjSS Adj MS F-Value P-Value
Layer height 2 94.755 47.377 2.65 0.0185
Infill 2 2.661 1.331 0.07 0.629
Build speed 2 19.331 14.326 0.98 0.474
Build temperature 2 47.685 23.854 1.57 0.039
Error 4 16.453 7.863
Total 12 183.885

In Table 4.10 and Table 4.11 shows, result of analysis of variance (ANOVA) for the mean and

S/N ratio of relative change in thickness (AT) at 95% confidence interval respectively. ANOVA

table for mean and S/N ratio of relative change in thickness (AT) shows that P — value 0.035 and
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0.046 respectively that is less than 0.05 for infill density, this shows that infill density has most
significant factor that affects the mean and S/N ratio relative change in thickness (AT).

Table 4.10 Analysis of Variance for means AT

Source DF AdjSS Adj MS F-Value P-Value
Layer height 2 0.000006 0.000003 0.73 0.536
Infill 2 0.000059 0.000029 7.45 0.035
Build speed 2 0.000036 0.000017 2.59 0.069
Build temperature 2 0.000009 0.000005 0.98 0.462
Error 4 0.00006 0.000004

Total 12 0.00017

Table 4.11 Analysis of Variance for S/N ratio of % AT

Source DF AdjSS Adj MS F-Value P-Value
Layer height 2 3.150 1.575 0.32 0.746
Infill 2 64.530 32.265 6.47 0.046
Build speed 2 31.254 15.987 3.15 0.124
Build temperature 2 4.548 1.951 0.38 0.705
Error 4 9.943 4.986

Total 12 113.425

In Table 4.12 and Table 4.13 shows, result of analysis of variance (ANOVA) for the mean and
S/N ratio of relative change in length (AL) at 95% confidence interval respectively. ANOVA
table for mean and S/N ratio of relative change in length (AL) shows that P — value 0.042 and
0.037 respectively that is less than 0.05 for build temperature, this shows that build temperature
has the most significant factor that affects the mean and S/N ratio relative change in length (AL).

Table 4.12 Analysis of Variance for means AL

Source DF AdjSS Adj MS F-Value P-Value
Layer height 2 0.002559 0.001279 0.02 0.978
Infill 2 0.084187 0.084187 1.10 0.371
Build speed 2 0.057462 0.028731 0.50 0.618
Build temperature 2 0.124678 0.62339 1.48 0.042
Error 4 0.569183 0.056918

Total 12 0.838069

Table 4.13 Analysis of Variance for S/N ratio of AL

Source DF  AdjSS Adj MS F-Value P-Value
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2 0.0174 0.00871 0.01

Layer height 2

Infill 2 1.5754 1.57536 1.22 0.338
Build speed 2 1.0547 0.52737 0.48 0.632
Build temperature 2 2.6546 1.32730 1. 44 0.037
Error 4 109714 1.09714

Total 12 16.2735

4.5 Main effect and interaction plot for mean and S/N ratio: AW, AT, AL

Figure 4.4 shows main effect plot for mean and S/N ratio of relative change in width (AW). From

main effect plot for mean relative change in width (AW), it is clearly shows that AW decrease
with increasing layer height until 0.29 mm after this point it start to increase. In other case,
increasing infill rate will insignificant effect on AW. AW decrease with increasing build speed
but after 12 mm/sec it start to increase. AW decrease with increasing build temperature. From
main effect plot for S/N ratio of AW, it is clearly indicates that the S/N ratio of AW increases
with increasing layer height until 0.29 mm after this point it start to decrease. In other case S/N
ratio of % AW decreases with increasing infill rate. S/N ratio of AW increase with increasing
build speed but after 12 mm/sec, it starts to decrease. S/N ratio of AW increase with increasing

builds temperature. Figure 4.5 shows the interaction between process parameters on the relative

change in width (AW).

Main Effects Plot for SN ratios of AW

Main Effects Plot for Means AW
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Interaction Plot for Mean AW
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Figure 4.5 Interaction plot for mean AW with all process parameters

Figure 4.6 shows main effect plot for mean and S/N ratio of relative change in thickness (AT).
From main effect plot for mean AT, it is clearly shows that mean relative change in thickness
(AT) increases with increasing layer height until 0.29 mm after this point it start to decrease. In
other case, increasing infill rate will increase AT dynamically. AT decrease with increasing build
time but after 12 mm/sec, it starts to increase. AT decrease with increasing build temperature.
From main effect plot for S/N ratio of AT, it is clearly indicates that the S/N ratio of AT remain
constant with increasing layer height until 0.29 mm after this point, it starts to increase. In other
case S/N ratio of AT decreases dynamically with increasing infill rate. S/N ratio of AT increase
with increasing build speed but after 12 mm/sec, it starts to decrease. Increasing builds
temperature will increase S/N ratio of AT. Figure 4.7 shows the interaction between process

parameters on the AT.
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Figure 4.6 Main effect plot for mean and S/N ratio of AT
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Interaction Plot for Mean AW
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Figure 4.7 Interaction plot for mean AT with all process parameters
Figure 4.8 shows main effect plot for mean and S/N ratio of relative change in length (AL). From

main effect plot for mean relative change in length (AL), it is clearly shows that AL decreases

with increasing layer height until 0.29 mm after this points, it starts to increases. In other case,
increasing infill rate will increase AL until 30%, after this point, it starts to decrease. As
increasing build speed, AL will decrease. Relative change in length (AL) decrease with
increasing builds temperature. From main effect plot for S/N ratio of % AL, it is clearly indicates
that the S/N ratio of AL increase with increasing layer height until 0.29 mm after this points, it
starts to decrease. In other case, increasing infill rate will decrease AL until 30%, after this point,
it starts to increase. As increasing build speed, AL will increase. Relative change in length (AL)

increase dynamically with increasing builds temperature. Figure 4.9 shows the interaction
between process parameters on the AL.
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Figure 4.8 Main effect plot for mean and S/N ratio of AL
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Interaction Plot for Mean AL
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Figure 4.9 Interaction plot for mean AL with all process parameters

4.6 3D Surface and Contour plot for Dimensional accuracy

3D surface and contour graphs are, plot for dimensional accuracy against Layer height, Infill,
Build speed and Build temperature, constructing to analysis the relationship between each
process parameters. Figure 4.10 (a-b) shows 3D surface and contour plot of the interaction
analysis between infill and layer height for mean AW. From this plot, it is clearly show that the
lower AW is observed at layer height between 0.25 mm and 0.35 mm and at Infill between 40 %
and 45 %. At lower layer height and Infill, the AW was higher. Therefore, optimum means AW
can be obtained at the middle of layer height and higher infill rate value.
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Figure 4.10 (a-b): 3D Surface and contour plots of % AW against Infill(B) and Layer height(A)
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Figure 4.11 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for S/N ratio of AW. From this plot, it is clearly show that the higher S/N ratio of
AW is observed at layer height between 0.25 mm and 0.35 mm, and at Infill between 15 % and
45 %, this mean that infill rate has insignificant effect on S/N ratio of AW. At lower layer height
and Infill, the AW was low. It can be also observe that at higher layer height and Infill.

Surface Plot of S/N ratio of AW vs B, A Contour Plot of S/N ratio of AW vs B, A
45

a b
Figure 4.11 (a-b) 3D (Slirface and contour plots for S/N ratio of AW ag;ilzst Infill(B) and Layer
height(A)
Figure 4.12 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for mean AT. From this plot, it is clearly show that the lower AT is observed at layer
height between 0.35 mm and 0.40 mm and at Infill between 15% and 20 %. At the middle of
layer height and higher Infill value, the AT was higher. Therefore, optimum means AL can be

obtained at the lower layer height and infill rate value.
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Figure 4.12 (a-b) 3D Surface and contour plots for mean AT against Infill(B) and Layer
height(A)
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Figure 4.13 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for S/N ratio of AT. From this plot, it is clearly show that the higher S/N ratio of AT
is observed at layer height between 0.40 mm and 0.45 mm and at Infill between 15 % and 20 %.
At all value of layer height and higher Infill value, the S/N ratio of AT is low. Therefore, it can
be conclude that layer height has insignificant effect on S/N ratio of AT.
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Figure 4.13 (a-b) 3D Surface and contour plots for S/N ratio of AT against Infill(B) and Layer(A)
height
Figure 4.14 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for mean AL. From this plot, it is clearly show that the lower AL is observed at layer
height between 0.35 mm and 0.40 mm and at Infill between 15% and 20 %. At the layer height
higher and middle of Infill value, the AL was higher. Therefore, optimum means percentage AL

can be obtained at the lower layer height and infill rate value.
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Figure 4.14 (a-b) 3D Surface and contour plots for mean AL against Infill and Layer height
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Figure 4.15 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for S/N ratio of AL. From this plot, it is clearly show that the higher S/N ratio of AL
is observed at layer height between 0.40 mm and 0.45 mm and at Infill between 15 % and 20 %.
At higher layer height and Infill value, the S/N ratio of AT is low.
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Figure 4.15 (a-b) 3D Surface and contour plots for S/N ratio of % AT against Infill and Layer
height

After complete analysis of 3D surface and contour plot of the interaction, we can predict that at
layer height between 0.30 mm to 40mm and infill rate (15% to 20%) could yield minimum
deviation of dimensional accuracy for width, length, and thickness. It can be summarize that to
obtain a good dimensional accuracy, it is recommended to use a high layer height and low infill

rate.

4.7 Response optimization for Dimensional accuracy

Optimization using Taguchi methods have three condition; smaller is better, nominal is better
and large is better. In this condition of dimensional accuracy (AW, AT and AL), the smaller are
the optimal condition. Process parameters settings with the highest S/N ratio always yield the
optimum quality with minimum variance. Based on the S/N analysis, the optimal process
parameters for dimensional accuracy (AW, AT and AL) are the layer height at level — 2, the Infill
rate at level — 1, Build speed at level — 1 and the build temperature at level — 1. Table 4.14 — 4.16

shows Optimum setting parameters for dimensional accuracy (AW, AT, and AL).
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Table 4.14 Optimum response tables for Relative change in dimension of width (AW)

Factors Level Optimized Value
Layer height .290 mm 0.0048
Infill rate 1 15 % '
i At maximum value
Build speed 1 60 mm/min of
5 S/N ratio = 46.3752
Build temperature 1 220°C

Table 4.15 Optimum response tables for dimensional accuracy (% AT)

Factors Level Optimized Value o AT
Optimum =
Layer height 2 0.290 mm 0}; 044 0
Infill rate 1 15 % _
At maximum value
Build speed 1 60 mm/sec of
1 220 °C S/N ratio =47.1309

Build temperature

Table 4.16 Optimum response tables for dimensional accuracy (% AL)

Factors Level Optimized Value

Opti % AL =
Layer height 2 0.290 mm 0.0p()15n61um 0
Infill rate 1 15 % .

At maximum value
Build speed 1 60 mm/sec of

) S/N ratio = 45.0362

Build temperature 1 220°C

4.8 Validation of optimum setting

Experiments were conduct to ensure performance on optimum condition and the results were
tabulate in Table — 4.17. From the results, it observed that optimized condition gives good
dimensional accuracy (AW, AT and AL). To confirm the optimized value, experiment was
conduct with same set of parameters and the dimensional accuracy (AW, AT and AL) observed.
The initial reading of dimensional accuracy (AW, AT and AL) was AW = 0.0048, AT=0.0044
and AL=0.0056. After setting the parameters to the optimized values, the response characteristic

has been changed to AW = 0.00492, AT=0.00462and AL=0.00584.
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Table 4.17 Results of the confirmation experiments for optimized condition dimensional

accuracy (AW, AT and AL)

Response obtained

Initial reading After reading
Optimal level (predicted result) (Exp. result)
% AW 0.0048 mm 0.00492 Error % =2.5%

__ (Exp.Resul t-predi ctedesul 3100
Experimental result

% AT 0.0044 mm 0.00462 Error % = 4.76%

__ (Exp.Resul t- predi cted esul }x100
Experimental result

% AL 0.0056 mm 0.00584 Error % =4.11%

__ (Exp.Resul tpredi ctedesul }*100
Experimental result
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Chapter 5
Result and Discussion of Surface roughness (Ra)

5.1 Introduction

In this section results of surface roughness are analyzed and optimized using Taguchi method.
The effects of each process parameters like; layer height, infill, build speed, and build
temperature on surface roughness of produced parts is analyzed using Analysis of Variance,
Main effect plots, Interaction plots, 3D Surface plots and Contour plots. Surface roughness of
each fabricated part is measured at five different places on the top and bottom surfaces and the
average value is used for analysis purpose. the unit of measurement is pm. Analysis of Variance,
Main effect plots, Interaction plots, 3D Surface plots and Contour plots for surface roughness are
constructed with the help of Minitab V18.1 software, to analyze the relationship between each

process parameters. Optimum setting was determined using S/N ratio.

5.2 Result of surface roughness
The mean surface roughness (Ra) and S/N ratios for each of nine experimental trials are given in

Table 5.1. S/N ration was calculated using MINITAB V18.1 trial software. Figure 5.1 shows the
distribution of the resulting data appears to be normal but cyclic in nature from minimum to
maximum and then minimum.

Table 5.1 Experimental results for Mean surface roughness and S/N ratio

Run  Layer height Infill Build speed Build temperature Mean Ra SNRA
mm % mm/min °C pm
1 0.180 15 60 220 16.862 -24.5382
2 0.180 30 120 230 17.908 -25.0609
3 0.180 45 180 240 11.703 -21.3659
4 0.290 15 60 220 7.779 -17.8185
5 0.290 30 120 230 9.074 -19.1560
6 0.290 45 180 240 8.302 -18.3837
7 0.40 15 60 220 12.826 -22.1618
8 0.40 30 120 230 22.798 -27.1579
9 0.40 45 180 240 21.440 -26.6245
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Figure 5.1 Bar chart plots for mean and S/N ratio of Ra.

5.3 Taguchi analysis for surface roughness (Ra)

Table 5.2 and 5.3 shows rank of various factors in terms their relative significance on surface
roughness (Ra). It clearly shows that surface roughness (Ra) is most significantly affected by
layer height and Build temperature has insignificant effect. Table 5.2 shows response table for

mean surface roughness and Table 5.3 shows response table for S/N ratio of surface roughness.

Table 5.2 Response table for mean Ra

Levels Layer height Infill Build speed  Build temperature
mm % mm/min °C
1 -23.66 -21.51 -23.36 -23.44
2 -18.45 -23.79 -23.17 -21.87
3 -25.31 -22.12 -20.89 -22.11
Delta 6.86 229 2.47 1.57
Rank 1 3 2 4

Table 5.3 Response table for S/N ratio of Ra

Level Layer height Infill Build speed Build temperature
mm % mm/min °C
1 23.66 21.51 23.36 23.44
2 18.45 23.79 23.17 21.87
3 2531 22.12 20.89 22.11
Delta 6.86 2.29 2.47 1.57
Rank 1 3 2 4

47



5.4 Analysis of variance for surface roughness (Ra)

Table 5.4 and Table 5.5 shows results of analysis of variance (ANOVA) for the mean and S/N
ratio of surface roughness (Ra) at 95% confidence interval respectively. The principle of the F-test
and P- test is that the larger F value and smaller P value for a particular parameter, the greater the
effect on the performance characteristic due to the change in that process parameter. If the P-
value is less than 0.05(i.e., a = 0.05, or 95% confidence level) then the given parameter is
significant. ANOVA table for mean and S/N ratio of surface roughness (Ra) shows that P — value
0.027 and 0.021 respectively, which is less than 0.05 for layer height, this shows that layer height

i1s dominant parameter.

Table 5.4 Analysis of Variance for means surface roughness (Ra)

Source DF AdjSS AdjMS F-Value P-Value
Layer height 2 176.09 88.05 6.39 0.027
Infill 2 26.32 13.16 0.96 0.458
Build temperature 2 32.58 17.92 1.31 0.401
Build speed 2 14.26 9.43 0.07 0.584
Error 4 8.25 3.77

Total 12 257.50

Table 5.5 Analysis of Variance for S/N ratio of surface roughness (Ra)

Source DF AdjSS AdjMS F-Value P-Value
Layer height 2 76.905 38.453 9.88 0.021
Infill 2 8.384 4.192 1.08 0.402
Build temperature 2 9.257 5.213 1.42 0.392
Build speed 2 5.286 2.587 0.04 0.681
Error 4 1.025 1.892

Total 12 100.857

5.5 Main effect and interaction plot for mean and S/N ratio of surface roughness

Figure 5.2 show main effect plots for mean and S/N ratio of AW. main effect plot for mean Ra
clearly shows that Ra decreases with increasing layer height until 0.29 mm after this point it start
to increase for further increase in layerhight. In other case, increasing infill rate will increase Ra

but after 30 %, it starts to decrease. Ra decrease with increasing build speed. Ra decrease with
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increasing build temperature but after 230 °C, it starts to increase slightly. From main effect plot
for S/N ratio of Ra, it is clearly indicates that the S/N ratio of Ra increases with increasing layer
height until 0.29 mm after this point it start to decrease. In other case, increasing infill rate will
decrease S/N ratio of Ra but after 30 %, it starts to increase. S/N ratio of Ra increases with
increasing build speed. S/N ratio of Ra increase with increasing builds temperature but after 230

°C, it starts to decrease slightly. Figure 5.3 shows the interaction between process parameters on

the Ra.
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Figure 5.2 Main effect plot for mean and S/N ratio of Ra
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Figure 5.3 Interaction plot for Ra means with all process parameters

5.6 3D Surface and Contour plot for surface roughness (Ra)

3D surface and contour graphs are, constructed for surface roughness against Layer height, Infill,

Build speed and Build temperature, to analysis the relationship between each process parameters.
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Figure 5.4 (a-b) shows 3D surface and contour plot of the interaction analysis between infill(B)
and layer height(A) for mean surface roughness. From this plot, it is clearly shown that the lower
surface roughness is observed at layer height between 0.25 mm and 0.35 mm, and at Infill
between 15 % and 20 %. At higher layer height and at the middle infill, the surface roughness
was higher. Therefore, optimum means surface roughness can be obtained at the middle of layer
height and lower infill rate value. Here the surface plot is monotonic since Mean Ra is strictly

increasing after the interval of optimal points,layer hight [0.25,0.35] mm and infill [15,20] %.
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Figure 5.4 (a-b): 3D Surface and contour plots of surface roughness against Infill(B) and Layer
height(A).
Figure 5.5 (a-b) shows 3D surface and contour plot of the interaction analysis between build
speed(C) and layer height(A) for mean surface roughness. From this plot, it is clearly shown that
the lower surface roughness is observe at layer height between 0.25 mm and 0.35 mm, and at
build speed between 160 mm/sec and 180 mm/sec. At higher layer height and lower infill, the
surface roughness was higher. Therefore, optimum means surface roughness can be obtained at
the middle of layer height and higher build speed value. Here the surface plot is monotonic since
Mean Ra is strictly increasing after the interval of optimum points layer hight [0.25,0.35] mm

and build speed [15,20] mm/sec.
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Figure 5.5 (a-b): 3D Surface and contour plots of surface roughness against Build speed(C) and
Layer height(A).

Figure 5.6 (a-b) shows 3D surface and contour plot of the interaction analysis between build
temperature (D) and layer height(A) for mean surface roughness. From this plot, it is clearly
shown that the lower surface roughness is observed at layer height between 0.25 mm and 0.35
mm, and at build temperature between 226 °C and 235 °C. At the higher layer height and lower
build temperature, the surface roughness was higher. Therefore, optimum means surface
roughness can be obtained at the middle of layer height and build temperature. 3D surface plot

have a convex shape because all set of points lying above the optimum points.
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Figure 5.6 (a-b): 3D Surface and contour plots of surface roughness against Build temperature
(D) and Layer height (A)
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Figure 5.7 (a-b) shows 3D surface and contour plot of the interaction analysis between Build
speed(C) and Infill (B) for mean surface roughness. From this plot, it is clearly shown that the
lower surface roughness is observed at infill between 15 % and 20 %, and at build speed between
160 mm/sec and 180 mm/sec. At the middle of infill and lower build speed, the surface
roughness was higher. Therefore, optimum means surface roughness can be obtained at the lower
infill and higher build speed. Here the surface plot have a concave shape because all set of

points lying below the optimum points.
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Figure 5.7 (a-b): 3D Surface and contour plots of surface roughness against Build speed(C) and

Infill (B)
Figure 5.8 (a-b) shows 3D surface and contour plot of the interaction analysis between Build

temperature and Infill for mean surface roughness. From this plot, it is clearly shows that the
lower surface roughness is observed at infill between 15 % and 20 %, and at build temperature
between 226 °C and 235 °C. At the middle of infill and lower temperature, the surface roughness
was higher. Therefore, optimum means surface roughness can be obtained at lower infill and
middle build temperature value. Here the surface plot is monotonic since Ra is decreasing after

the interval of optimum points infill [15,20] % and build temperature [226,235] °C.
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Figure 5.8 (a-b): 3D Surface and contour plots of surface roughness against Build temperature

(D) and Infill(B)
Figure 5.9 (a-b) shows 3D surface and contour plot of the interaction analysis between Build

temperature and Build Speed for mean surface roughness. From this plot, it is clearly shows that
the lower surface roughness is observed at build speed between 160 mm/sec and 180 mm/sec,
and at build temperature between 226 °C and 235 °C. At lower build speed and build
temperature, the surface roughness was higher. Therefore, optimum means surface roughness can
be obtained at higher build speed and middle build temperature value. Here the surface plot is
monotonic since Mean Ra is decreasing after the intervals of optimal points,build speed

[160,180] mm/sec and build temperature [226,235] °C.
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Figure 5.14 (a-b): 3D Surface and contour plots of surface roughness against Build
temperature(C) and Build Speed(D)

After complete analysis of 3D surface and contour plot of the interaction, we can predict that at

Layer height between 0.25 mm and 0.35 mm, Infill between 15 % and 20 %, Build speed
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between 160 mm/sec and 180mm/sec and Build temperature 226 °C to 235 °C could yield best
surface roughness (lower surface roughness). It can be summarized that to obtain a good surface
roughness, it is recommended to use at middle value of layer height, low infill, high build speed

and at middle of build temperature.

5.7 Response optimization of Surface roughness (Ra)

Optimization using Taguchi methods have three condition; smaller is better, nominal is better
and large is better. In this condition of surface roughness (Ra), the smaller are the optimal
condition. The S/N ratio is used to a measure of performance to develop products and processes
in sensitive to noise factors. Process parameters settings with the highest S/N ratio always yield
the optimum quality with minimum variance. Based on the S/N analysis, the optimal process
parameters for surface roughness (Ra) are the layer height at level — 2, the Infill rate at level — 1,
Build speed at level — 1 and the build temperature at level — 1. Table 5.6 shows Optimum setting

parameters for surface roughness (Ra).

Table 5.6 Optimum response tables for surface roughness (Ra).

Factors Code Level Optimize value
Layer height A 2 0.29mm Olgtim;ll;l7\9731ue

a=7.779 pm
Infill B ! 15 At maximum value of
Build speed C 1 60 mm/min S/N ratio = - 17.8185
Build temperature D 1 220 °c

5.7 Validation of optimum setting

Experiments were conduct to ensure performance on optimum condition and the result were
tabulate in Table — 5.7. From the results it is observed that optimized condition gives good
surface roughness. To confirm the optimized value, an experiment was conducted with same set
of parameters and the surface roughness was observed. The initial reading of surface roughness
was Ra = 7.779 um. After setting the parameters to the optimized values, the response

characteristic has been changed to Ra =7.891 pum.
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Table 5.7 Results of the confirmation experiments for optimized condition of mean Ra.

Response obtained

Optimal level Initial reading After reading
(predicted result)  (Exp. result) Error % =1.419 %
’ __(Exp.Result— predicted result)*100
Mean Surface roughness 7.779 um 7.891 pm Experimentalresult
value
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Chapter 6
Result and Discussion of Mechanical property (Tensile strength)
6.1 Introduction

In this section result of Tensile strength are analyzed and optimized using Taguchi methods.
Effect of process parameters like; layer height, infill, build speed, and build temperature on
Tensile strength of produced parts using Flash forge FDM machine are optimized using Taguchi
method. Tensile strength of each fabricated parts are measured longitudinally using Testmetric,
the unit of measure is MPa. Variance of analysis, Main effect plots, Interaction plots, 3D Surface
plots and Contour plots for Tensile strength are constructing with the help of Minitab V18.1
software, to analysis the relationship between each process parameters. Optimum setting was

determined using S/N ratio

6.2 Result of Tensile strength

The tensile tests were carried out using a testometric material testing machine 350 KN maximum
capacity, The cross head speed of this machine is Imm/min and the test stops once the specimens
broken. The material used for specimen preparation is ABS with a nominal thickness of 5 mm,
width 12 mm and the tensile strength is calculated by dividing maximum load(load at break)
with original cross sectional area(original width x original thickness). The results of Tensile
strength (UTS) for each of 9 experiments are given in Table 6.1. Figure 6.1 bar chart plots for
mean and S/N ratio of Tensile strength (UTS), shows Distribution of Tensile strength (UTS) for
each experimental trial. S/N ration was calculated using MINITAB V18 trial software.

Table 6.1 Experimental results for Tensile strength (UTS) and S/N ratio

Run  Layer height Infill Build speed  Build temperature UTS S/N ratio
mm % mm/min °C MPa
1 0.180 15 60 220 21.945 26.8267
2 0.180 30 120 230 35.934 31.1101
3 0.180 45 180 240 39.094 31.8422
4 0.290 15 60 220 30.383 29.6526
5 0.290 30 120 230 38.952 31.8106
6 0.290 45 180 240 23.964 27.5912
7 0.40 15 60 220 36.715 31.2969
8 0.40 30 120 230 34.946 30.8679
9 0.40 45 180 240 28.743 29.1706
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Figure 6.1 Bar chart plots for mean and S/N ratio of Tensile strength (UTS)

6.3 Taguchi analysis for Tensile strength (UTS)

Results of Tensile strength (UTS) were analyzed using Taguchi analysis. Table 6.2 and 6.3
shows rank of various factors in terms their relative significance for Tensile strength (UTS). It
clearly shows that Tensile strength (UTS) has most significantly affected by Infill and layer
height has insignificant effect. Table 6.2 shows response table for Tensile strength (UTS) and
Table 6.3 shows response table for S/N ratio of Tensile strength (UTS).

Table 6.2 Response table for Tensile strength (UTS)

Levels Layer height Infill Build speed Build temperature
mm % mm/min °C
1 32.32 29.68 26.95 29.88
2 31.10 36.61 31.69 32.20
3 33.47 30.60 38.25 34.81
Delta 2.37 6.93 11.30 4.93
Rank 4 1 2 3

Table 6.3 Response table for S/N ratio of Tensile strength (UTS)

Levels Layer height Infill Build speed Build temperature
mm % mm/min °C
1 29.93 29.26 28.43 29.27
2 29.68 31.26 29.98 30.00
3 30.45 29.53 31.65 30.79
Delta 0.76 2.00 3.22 1.52
Rank 4 1 2 3
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6.4 Analysis of variance for Tensile strength (UTS)

The results for Tensile strength (UTS) were analyzed using ANOVA for identifying the
significant factors affecting the performance measures. In Table 6.4 and Table 6.5 shows result
of analysis of variance (ANOVA) for the mean and S/N ratio of Tensile strength (UTS) at 95%
confidence interval is given respectively. For significance check F — value and P — value given
in ANOVA table is used. The principle of the F-test and P- test is that the larger F value and
smaller value for a particular parameter, the greater the effect on the performance characteristic
due to the change in that process parameter. If the P- value less than 0.0500 (i.e., a = 0.05, or
95% confidence level) indicate process parameters term are significant. ANOVA table for mean
and S/N ratio for Tensile strength (UTS) shows that P — value 0.048 and 0.049 respectively that
is less than 0.05 for infill density, this shows that infill density is the significant factor that
affects the mean and S/N ratio of Tensile strength (UTS).

Table 6.4 Analysis of Variance for means Tensile strength (UTS)

Source DF Adj SS Adj MS F-Value P-Value
Layer height 2 8.417 4.208 0.07 0.931
Infill 2 84.990 42.495 1.74 0.048
Build speed 2 43.31 21.654 1.13 0.329
Build temperature 2 11.78 5.892 0.05 0.741
Error 4 2.599 0.5199
Total 12 151.096

Table 6.5 Analysis of Variance for S/N Tensile strength (UTS)

Source DF Adj SS Adj MS F-Value P-Value
Layer height 2 0.9056 0.4528 0.10 0.911
Infill 2 23.0794 3.5397 1.87 0.049
Build speed 2 11.283 5.642 1.45 0.329
Build temperature 2 4.284 2.142 0.30 0.851
Error 4 1.0321 4.7580

Total 12 40.5851
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6.5 Main effect and interaction plot for mean and S/N ratio of Tensile strength(UTS)
Figure 6.2 shows main effect plot for mean and S/N ratio of Tensile strength (UTS). It is clearly
shows that , Tensile strength (UTS) decreases with increasing layer height until 0.29 mm but
after this point, it starts to increase. In other case, increasing infill rate will increase Tensile
strength (UTS) but after 30 %, it starts to decrease. Tensile strength (UTS) increasing with
increasing builds speed. In other case, Tensile strength (UTS) increasing with increasing Build

temperature. Figure 6.3 shows the interaction between process parameters on the Tensile strength
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Figure 6.2 Main effect plot for mean and S/N ratio of Tensile strength (UTS)
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6.6 3D Surface and Contour plot for Tensile strength
3D surface and contour graphs are, plot for Tensile strength (UTS) against Layer height, Infill,

Build speed and Build temperature, creating to analysis the relationship between each process
parameters. Figure 6.4 (a-b) shows 3D surface and contour plot of the interaction analysis
between infill and layer height for mean Tensile strength. From this plot, it is clearly show that
the higher Tensile strength is observed at layer height between 0.20 mm and 0.25 mm, and at
Infill between 35 % and 40 %. At lower layer height and Infill, the Tensile strength was lower.
Therefore, optimum means Tensile strength can be obtained at the lower layer height and higher

infill rate value.

Surface Plot of UTS vs B, A Contour Plot of UTS vs B, A

a b
Figure 6.4 (a-b): 3D Sflr)face and contour plots of Tensile strength againgt )Inﬁll and Layer height
Figure 6.5 (a-b) shows 3D surface and contour plot of the interaction analysis between infill and
layer height for S/N ratio of Tensile strength. From this plot, it is clearly show that the higher
S/N ratio of Tensile strength is observed at layer height between 0.20 mm and 0.25 mm, and at
Infill between 35 % and 40 %. At lower layer height and Infill, the S/N ratio of Tensile strength
was lower. Therefore, optimum means Tensile strength can be obtained at the lower layer height

and higher infill rate value.
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Figure 6.5 (a-b): 3D Surface and contour plots for S/N ratio of Tensile strength against Infill and
Layer height

After complete analysis of 3D surface and contour plot of the interaction, we can predict that at
Layer height between 0.20mm to 0.25 mm and infill between 35 % to 40% could yield best
Tensile strength (maximum tensile strength). It can be summarized that to obtain a higher tensile

strength, it is recommended to use a low Layer height between and high infill.

6.7 Response optimization Tensile strength

Optimization using Taguchi methods have three condition; smaller is better, nominal is better
and large is better. In this condition of Tensile strength (UTS), the larger are the optimal
condition. The S/N ratio is used to a measure of performance to develop products and processes
in sensitive to noise factors. Process parameters settings with the highest S/N ratio always yield
the optimum quality with minimum variance. Based on the S/N analysis, the optimal process
parameters for Tensile strength (UTS) are the layer height at level — 1, the Infill rate at level — 3,
Build speed at level — 3 and the build temperature at level — 3. Table 6.6 shows Optimum setting
parameters for Tensile strength (UTS).

Table 6.6 Optimum response tables for Tensile strength (UTS)

Factors Code Level Optimize value
Layer height A 1 0.180 mm Optimum Value

At maximum value of
Build speed C 3 180 mm/min S/N ratio = 31.8422
Build temperature D 3 240 °c
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6.8 Validation of optimum setting
Experiments were conducted to ensure performance on optimum condition and the result was

tabulate in Table 6.7. From the results, it is observe that optimized condition gives good Tensile
strength (UTS). The initial reading of Tensile strength was UTS = 39.094 MPa. After setting the
parameters to the optimized values, the response characteristic has been changed to UTS =

39.783 MPa.

Table 6.7 Results of the confirmation experiments for optimized condition of mean UTS

Response obtained

Optimal level Initial reading After reading
(predicted result)  (Exp. result) Error % =1.732 %
Mean Tensile strength (UTS) 39.094 MPa 39.783 MPa __(Exp.Result— predicted result)+100

Experimental result

6.9 Multiple response optimization
Multiple Optimization of Dimensional accuracy, Surface roughness and Tensile strength done

using Taguchi method. Based on Taguchi analysis method, the optimal process parameters for
Dimensional accuracy, Surface roughness and Tensile strength are at layer height 0.3422 mm,
the Infill rate at 15 % , Build speed at 180 mm/min and the build temperature at 235 °C. Table
6.8 shows Optimum setting parameters for Dimensional accuracy, Surface roughness and Tensile

strength.

Table 6.8 Optimum response tables for Dimensional accuracy, Surface roughness and Tensile

strength
Factors Code Optimized Optimum Value
values
Layer height A 0.3422 mm % AW =0.01782 at S/N ratio 36.72
Infill B 15 % % AT =0.00561 at S/N ratio 45.02
Build speed C 180 mm/min % AL = 0.005930 at S/N ratio 0.00630
Build D 235 °c Mean Ra = 14.47 pm at S/N ratio -22.56
temperature UTS =32.11 MPa at S/N ratio 30.00
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Chapter 7
CONCLUSION AND SCOPE OF FUTURE WORK

7.1 Conclusion

This research presents the Taguchi methods for optimization of Dimensional accuracy (AW, AT,
AL), Surface roughness (Ra) and Tensile strength (UTS) on parts produced using Flash forge
FDM machine. Taguchi design of experiments L9 orthogonal array were used for
experimentation. The impact of process parameters like; layer height, infill, build speed, and
build temperature on response output were analyzed using Taguchi analysis, main effect plots,
Interaction plots, 3D Surface plots and Contour plots with the help of Minitab V18.1 software.

Optimum setting was determined using S/N ratio

7.1.1 Dimensional Accuracy (AW, AT, AL)
From the result obtained, the following can be concluded for Dimensional Accuracy (AW, AT,
AL):

e Dimensional accuracy (Mean and S/N ratio of relative change in width (AW)), is most
significantly affected by layer height followed by build temperature, build speed and
infill density has insignificant effect.

e Mean and S/N ratio of AT infill has most significant factors follow by build temperature,
and layer height and build speed.

e Mean and S/N ratio of AL layer height has most significant factor affecting change length
and build temperature has insignificant effect. Infill rate and build speed have equal
impact on percentage change length (AL).

e Based on the S/N analysis, the optimal setting of process parameters for dimensional
accuracy (AW, AT, and AL) are the layer height at level — 2, the Infill rate at level — 1,
Build speed at level — 1 and the build temperature at level — 1.

e The optimum value for dimensional accuracy (AW, AT and AL) through Taguchi method
is AW = 0.0048 at maximum value of S/N ratio = 46.3752, AT = 0.0044 at maximum
value of S/N ratio = 47.1309, and % AL = 0.0056 at maximum value of S/N ratio =
45.0362.

63



7.1.2 Surface roughness (Ra)

From the result obtained, the following can be concluded for surface roughness (Ra):

Surface roughness (Ra) has most significantly affected by layer height and Build
temperature has insignificant effect.

Minimum surface roughness can be obtained at middle value of layer height, low infill,
high build speed and at middle of build temperature.

Based on the S/N analysis, the optimal process parameters for surface roughness (Ra) are
the layer height at level — 2, the Infill rate at level — 1, Build speed at level — 1 and the
build temperature at level — 1.

The optimum surface roughness value through Taguchi method is Ra = 7.779 um at

maximum value of S/N ratio - 17.8185.

7.1.3 Tensile strength (UTS)

From the result obtained, the following conclusion has drawn for Tensile strength (UTS):

Tensile strength (UTS) has most significantly affected by Build speed followed by infill,
build temperature and Layer height has insignificant effect.

Result of Taguchi optimization indicates that the optimal FDM parameters for Tensile
strength (UTS) are the layer height at level — 1, the Infill rate at level — 3, Build speed at
level — 3 and the build temperature at level — 3.

The optimum Tensile strength (UTS) value through Taguchi method is UTS =39.094
MPa at maximum value of S/N ratio = 31.8422.

7.2 Contribution of the research work

Many researchers tend to evaluate process parameters in FDM to satisfy the functional

requirements of the manufacturing process such as accuracy, build time, strength and efficiency

of the process. From previous investigations, it has been agreed that the evaluation of parameters

can lead to the improvement of the process of FDM. Thus, the identification of the significant

factors in the FDM build process can lead to the development of a more precise and repeatable

process. Consequently, the quality characteristics of building parts can be more accurate and

predicted, since prototypes are used as a master pattern in secondary manufacturing processes or

as a final part. This research attempts to identify key parameter settings that influence output

64



response according to their desired build preferences. Hence, the FDM process can be made
more efficient, whilst developing a manufacturing process plan that offers comprehensive data to
the FDM users to predicted output response characteristics. Future experiments and evaluation of
parameters will lead to the creation of knowledge system based on data in order to provide
recommendations for optimal process variable settings and according to the design preferences,
such as reducing building time and cost, increasing tensile strength or minimizing surface

roughness of processed FDM parts.

7.3 Recommendations for future works
The present work leaves a wide scope for future investigators to explore many aspects of
FDM and other RP processes on similar lines. Some recommendations for future research

include:

e Different optimization technique can be repeat the same experiment with the same level
and parameters.

e The effects of environmental variables like temperature and humidity on the part quality
need to be explored.

e Applicability of FDM from small size batch production to medium or large batch
sizes can be extended by increasing the build space and providing multiple nozzles
for material deposition.

e Option of depositing multiple materials in a single setting and necessary changes
in hardware need to be explored.

e Possibility of using different materials or modifications in the present material
composition can be explored.

e Study the effect of other parameters such as; infill angle, number of contours, contour
width, raster width, air gap, raster orientation, raster angle, layer thickness, build style
and etc.

e Explore impact of FDM process parameters on other quality responses, such as other
mechanical properties (flexural strength, modulus of elasticity, elongation at break,

flexural modulus), build time, part shrinkage and etc.
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Appendices

Appendix A: Dimension of printed parts

Figure A.1 Figure of printed part with dimension

Table A.2 Dimension OF printed part

Dimension abbreviation list

Measurement (mm)

W — Width of narrow section 12
L — Length of narrow section 80
WO — Width of overall 20
LO — Length overall 160
D — Distance between grips 100

Appendix B: Result of experimental data for estimated material and manufacturing time

Table B.1 Result estimated material and manufacturing time

Exp. trial Input parameters Response
A B C D Estimated Manufacturing
material Time
1 0.180 15 60 220 4.0209 m 49 minutes
2 0.180 30 120 230 3.6093 m 62 minutes
3 0.180 45 180 240 4.6285 m 88 minutes
4 0.290 15 60 220 5.6742 m 35 minutes
5 0.290 30 120 230 4.0498 m 42 minutes
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6 0.290 45 180 240 5.990 m 52 minutes
7 0.40 15 60 220 4.640 m 30 minutes
8 0.40 30 120 230 5.490 m 32 minutes
9 0.40 45 180 240 6.330 m 39 minutes

Appendix C: Result of experimental data for dimensional accuracy

Table C.1 Result of experimental data of AW

EXP. Input parameters Relative change in dimension of Width

trials | A B| C D | Trial | Trial2 | Trial | Trial4 | Trial 5 | Mean AW | SNRA1
1 0.180 | 15 | 60 | 220 0.315 0.0028 0.323 0.083 | 0.008 0.0266 | 31.5024
2 0.180 | 30 | 120 | 230 | 0.013 | 0.0186 | 0.021 0.316 0.(?08 0.0156 | 36.1375
3 0.180 | 45 | 180 | 240 | 0.008 | 0.0283 0.513 0.331 0.006 0.0176 | 35.0897
4 10290 | 15|60 |220 0.(2)301 0.0062 0.302 0.308 0.306 0.0048 | 46.3752
5 0.290 | 30 | 120 | 230 0.306 0.0117 0.321 0.325 0.311 0.0152 | 36.3631
6 0.290 | 45 | 180 | 240 0.308 0.0145 0.316 0.010 0.300 0.0102 | 39.8280
7 0.40 | 15|60 |220 0.308 0.02 0.?)3 0.322 0.315 0.0192 | 34.3340
8 0.40 |30 | 120 [230 | 0.01 | 0.0187 | 0.03 O.(§27 0.015 0.0202 | 33.8930
9 0.40 |45 | 180 |240 |0.013 | 0.0117 O.(;Sl 0.(i28 0.015 0.0199 | 34.0229

Table C.2 Result of experimental data of AT

EXP. Input parameters Relative change in dimension of thickness

trials | A | B | C D | Trial | Trial 2 | Trial | Trial | Trial | Mean AT | SNRA1
1 0.180 | 15 | 60 | 220 0.(}03 0.0156 0.303 0.312 0.303 0.0075 | 42.4988
2 0.180 | 30 | 120 | 230 ?).006 0.0093 0.303 0.309 0.815 0.0087 | 41.2096
3 0.180 | 45 | 180 | 240 0.503 0.0125 0.506 0.315 0.315 0.0106 | 39.4939
4 0.290 | 15 | 60 | 220 0.803 0.0032 0.306 0.(?03 0.806 0.0044 | 47.1309
5 0.290 | 30 | 120 | 230 0.506 0.0032 0.515 0.317 0.312 0.011 39.1721

2 6 5 5
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6 0.290 | 45 | 180 | 240 | 0.012 | 0.0156 | 0.017 | 0.021 | 0.003 0.0141 37.0156

7 040 | 15|60 220 0.303 0.0062 0.303 0.(5;09 0.(?06 0.0056 | 45.0362

8 0.40 |30 | 120 | 230 0.312 0.0062 0.(?15 0.303 0.312 0.01 40.0000

9 040 |45 | 180 | 240 0.309 0.0062 0.306 0.(?15 0.317 0.0109 | 39.2515
3 2 6 5

Table C.3 Result of experimental data of AL

EXP. Input parameters Relative change in dimension of length
trials | A [ B[] ¢ | D |Trial1]| Trial2 | Trial3 | Trial4 | Trial5 | Mean | SNRA1
AL
1 0.180 | 15 | 60 | 220 | 0.006 | 0.0061 | 0.006 | 0.006 | 0.0058 | 0.0061 | 44.293
25 9 12 7 4
2 0.180 | 30 | 120 | 230 | 0.006 | 0.0060 | 0.006 | 0.0061 | 0.0061 0.0061 | 44.293
1 7 25 2 5 4
3 0.180 | 45 | 180 | 240 | 0.006 | 0.0059 | 0.005 | 0.0052 | 0.0052 | 0.0057 | 44.882
7 95 5 5
4 0.290 | 15 | 60 | 220 | 0.006 | 0.0060 | 0.005 | 0.0060 | 0.0042 | 0.0056 | 45.036
15 7 1 7 2
5 0.290 | 30 | 120 | 230 | 0.006 | 0.0060 | 0.006 | 0.0060 | 0.0061 0.0061 | 44.293
1 7 02 7 5 4
6 0.290 | 45 | 180 | 240 | 0.006 | 0.0061 | 0.006 | 0.0059 | 0.0060 | 0.0060 | 44.437
02 15 5 2 0
7 0.40 | 15|60 |220 | 0.006 | 0.0061 | 0.005 | 0.0058 | 0.0059 | 0.0059 | 44.583
07 87 1 5 0
8 0.40 |30 | 120 |230 | 0.006 | 0.0060 | 0.006 | 0.0060 | 0.0059 | 0.0060 | 44.437
2 06 5 5 0
9 0.40 |45 | 180 |240 | 0.006 | 0.0061 | 0.006 | 0.0060 | 0.0059 | 0.0061 | 44.293
02 5 19 9 7 4
Appendix D: Result of experimental data for surface roughness
Table D.1 Result of experimental data of surface roughness
EXP. Input parameters Response
trials A B C D Trial | Trial | Trial | Trial | Trial 5 | Mean Ra | SNRA1
1 2 3 4 um
1 0.180 | 15 | 60 220 | 19.20 | 17.34 | 17.45 | 15.38 | 14.94 16.862 -24.5382
2 0.180 | 30 | 120 | 230 | 12.65 | 20.83 | 24.43 | 18.22 | 13.41 17.908 -25.0609
3 0.180 | 45 | 180 | 240 12.11 | 1494 | 8.073 | 11.07 | 12.38 11.703 -21.3659
4 0.290 | 15 | 60 220 | 6.436 | 7.528 | 8.128 | 8.401 | 8.401 7.779 -17.8185
5 0.290 | 30 | 120 | 230 | 7.637 | 10.14 | 9.219 | 10.25 | 8.128 9.074 -19.1560
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6 0.290 | 45 | 180 | 240 | 8.401 |9.164 | 9.328 | 7.528 | 87.091 8.302 -18.3837
7 040 |15 60 220 | 15.60 | 15.05 | 11.23 | 9.982 | 12.27 12.826 | -22.1618
8 040 |30 | 120 | 230 | 29.45 |24.98 | 19.31 | 17.78 | 22.47 22.798 | -27.1579
9 040 |45 | 180 |240 | 23.23 | 18.98 | 24.98 | 17.78 | 22.25 21.44 -26.6245
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