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Abstract

Rapid prototyping is a manufacturing process that fabricates products by adding layer
of a specified material. Products made using rapid prototyping are not only limited to be used
as a prototype, rather they are also being used as functional parts. But the functional use of a
rapid prototyped product is often constrained due to dimensional inaccuracies in the product.
These dimensional inaccuracies are mostly caused due to unevenness of the surface profiles
and shrinkage of the part. The parameters that govern the surface profile and shrinkage of a
product depend upon the process used to fabricate it. In this present work, an attempt has
been made to study the effect of various process parameters on dimensional inaccuracies of
solidified PolyLactic Acid (PLA) parts fabricated using Fused Filament Modelling (FFM)
process. Central Composite Rotatable Design (CCRD) has been used to design experiments.
Four parameters namely surface orientation, layer thickness, part bed temperature and
extrusion speed have been selected for studying surface roughness while for studying part
shrinkage, five parameters have been selected viz. part orientation, layer thickness, raster
angle, part bed temperature and part length. Analysis of Variance (ANOVA) has been used to
identify the significant parameters followed by regression to correlate the response with
process parameters. Statistical models have been developed to predict surface roughness and
shrinkage of a part along x, y and z axis. The process parameters have been optimised using
trust region based MATLAB technique to obtain the minimization of the responses. The
models have been validated within the pre-selected domain of process parameters. It is
concluded that surface orientation and layer thickness are key factors that affect surface
roughness while shrinkage is mainly affected by part orientation, layer thickness and part

dimensions.

Keywords: Rapid Prototyping, PLA, surface roughness, shrinkage, orientation, layer

thickness, extrusion speed, raster angle, part length
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Chapter 1
INTRODUCTION

Since the beginning of the industrial revolution in Europe in the 18" century, one of the
most ardent problems of the industrial world has been the increase of productivity. Followed
with the rise of capitalism and the end of monopolistic economies it has become acutely
important for industries to devise new technologies to reduce production time and thereby
increase productivity while also reducing the lead time for a new product to hit the market.
With the advancement of computing facilities, new technologies have evolved which are
starting to transform the whole manufacturing sector by steeply reducing the time and
resources required for designing, testing and manufacturing new products. One such
technological development which aims at producing swift, accurate and yet economically

feasible parts is Rapid Prototyping (RP).

1.1 RAPID PROTYPING

To understand Rapid Prototyping it is pertinent to understand what a prototype is.
Chua, Leong & Lim (2004) loosely define a prototype as:

“An approximation of a product (or system) or its components in some form for a
definite purpose in its implementation” [1].

Until the mid-1980s, the path from conceptualisation to actual prototype of a product
was a tedious one, despite the recent advancements in the field of CNC Machine Tools. Then
in 1986, 3D Systems Inc. of the USA demonstrated a method of making a product directly
from a CAD model by adding layers of photopolymerised resin [2]. That marked the
beginning of a new technology that would make great strides in the manufacturing industry.
Several other techniques have evolved since then which differ in the process and material
used for the fabrication of the product but work towards the same goal of creating a product
directly from a CAD model by addition of material as opposed to reduction of material in
other machining processes. An attempt at defining the technique of Rapid Prototyping, under
whose ambit lays various processes, has rendered the following narrative:

“Rapid Prototyping can be defined as the manufacture of any physical model of a

part, component, mechanism or product that is carried out using new technologies prior to



the product’s industrialization, with the aim of validating all or some of its main

characteristics and theoretical functions, or as a functional element directly applied in a

manufacturing process” [1].

Even though Rapid Prototyping encompasses many different techniques and processes

as mentioned, but the core idea that governs all of them remains the same. This core idea is

discussed in the next section.

1.2 THE FUNDAMENTAL PRINCIPAL

The basic approach adopted for Rapid Prototyping irrespective of the technique used can

be described in the following manner:

a)

b)

f)

The journey of every prototype starts with its computer simulated model called the
CAD (Computer Aided Design) model. This model is a virtual representation of
the actual physical part that is to be fabricated. The CAD model must be
dimensionally exact to the intended physical part. One point worth noting is that,
the CAD model must always define an enclosed space or volume; it cannot have
any open surfaces.

The CAD model (which could be made by surface or solid modeling) is converted
into a STL (StereoLithography) file format which is done by tessellating the
model. This is achieved by approximating the surface of the model by polygons
which closely fit with one another.

A computer program is employed to the check the converted STL file for any
errors like gaps in the surface, dangling edges, intersecting facets, flip triangles,
etc. If errors are found, they are rectified and the file is repaired.

It is important to check the orientation of the specimen at this stage and if the
specimen is disoriented then it to be defined as per the requirement.

Another computer program (or could be same) analyses this final STL file and
slices it into many cross sections and generates the data for each cross section. It is
important here to be able to control or define slice thickness as it is an important
factor governing build time and surface quality of the fabricated product.

The layers of the model are created using data obtained from the above steps.
Different techniques are used by different RP systems to create the layers. After

each layer, the build table is lowered by unit layer thickness and upon this the next



layer is built. Sometimes a support might also be needed for overhanging or
inclined surfaces. The support too is generated layer-wise.
9) In the final step, the fabricated part is post processed. It might include removal of
supports, cleaning and finishing of the faces, etc.
To facilitate better understanding of the Rapid Prototyping process, given below is a pictorial

representation of the whole process:

3D GA.\D Cpm puter Layer by layer Post 3D physical
modeling slicing building Processing part/prototype

3D CAD STL file Sliced file Built object

Figure 1.1 Rapid Prototyping Process

1.3 TYPES OF RP PROCESSES

Even though being guided by the same fundamental principle, the RP processes differ
widely based on the technique used for the formation of successive layers. 3d Printing,
Selective Laser Sintering, Laminated Object Manufacturing, Fused Deposition Modeling,
Laser Engineered Net Shaping, Stereolithography, to name a few, are some of the popular
and commercially available techniques. Figure 1.2 shows classification of the different RP
processes. These different RP processes have been classified into three groups based on phase
of the raw material used for fabrication of the product. The raw material used can either be a
solid, liquid or a gas. A solid raw material too could either be in the form of a wire, a foil or a
powder, while liquid raw materials are usually in the form of a resin. A gaseous raw material,
if used, is usually a reactive gas that subsequently gets deposited on the part bed layer by
layer. Combining all these, there are in total 21 processes as listed in Figure 1.2 below.
While it is not possible to discuss all of them in great detail, the successive paragraphs shed

some light on the working of some of these various processes.



Figure 1.2 Classification of Rapid Prototyping [1]
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Figure 1.3 Stereolithography Process [3]
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STEREOLITHOGRAPHY (SL) was one of the first processes patented and used
for commercial purposes. The schematic diagram of the process is shown in Figure 1.3. This
process utilises ultra violet light to cure photosensitive resin. The profile of the layer is
formed by the tracing of a laser that emits ultra violet light on the resin. The bed on which the
part is being formed is then lowered by the height of unit layer thickness and is allotted some
idle time to let the liquid polymer settle down and also to eliminate the fizz formation in the
liquid resin. The successive layers bind to one another through self-adhesion.

LAMINATED OBJECT MANUFACTURING (LOM) is a process used primarily
for metal laminates, plastic and papers coated with adhesives. A heat sensitive adhesive
present on the material gets activated by the use of a hot roller that moves over every layer of
material and thus helps in binding the layers together. A very precise laser then cuts the
excess material up to the height of a layer thickness and thus generates the required profile
for every layer. This process can be used to fabricate large volumes of prototypes. Given

below is a schematic diagram of the process:

X-Y scanner W T j

Heating board Liser sl Laser

g” ’#’ = Part

2

Material supply roll

Figure 1.4 Laminated Object Manufacturing Process [4]

SELECTIVE LASER SINTERING (SLS) process uses a laser to locally melt
powdered material and then allows it to solidify to form a layer. A schematic diagram is
shown in Figure 1.5. The process actually begins with preheating the bed to temperature just
below the melting point of the material used. This prevents the curling of the solidified part
and also reduces the time for part manufacturing. After the completion of a layer, the bed is
lowered by a unit layer thickness and a roller is used to evenly spread the powder on the top
and the whole process is repeated.



-~
- /
Scanning :i; )[] COzLEaser

mirrors

Heating system
Part bed

Powder Sintered part

Figure 1.5 Selective Laser Sintering Process [5]

FUSED DEPOSITION MODELING (FDM) process is mostly used to build parts
made out of plastic. A nozzle with a fine hole is used to extrude molten plastic. The possible
movement of this extruder in the X-Y plane allows it to create a layer of material. The
temperature of the extruded material is only slightly above its melting temperature. This
allows solidification of the fabricated layer in a very short interval of time. The bed is then
lowered by a unit layer thickness and another layer is extruded on top. Different nozzles are
used to extrude part and support materials. This support material is then later removed to
yield the manufactured part. The schematic diagram given in Figure 1.6 below elucidates the

process further:

Liquifier head\
Extrusion nozzles
Part
Support ﬁ ﬁ
Foam base—
[
| | Support
.— material
/ d‘( spool
Build platform ﬂ
° Build
¥~—Material
spool

Figure 1.6 Fused Deposition Modeling Process [6]



LASER ENGINEERED NET SHAPING (LENS) uses a high power ND: YAG
laser to create a puddle of molten liquid on the surface. In this process the laser is fixed and
the table moves in the X-Y plane to fabricate a layer. When one layer is completed, fresh
powder is deposited by the machine’s powder delivery nozzle and the process is repeated.
Post processing and finishing of parts is typically required in this process. Figure 1.7 below

shows the schematic diagram of the process:

LASER

MIRROR

LEHS

CARRIER
GAS

SHROUD \ POWDER MATERIAL
GAS IHLET
SUPPLY

MATERIAL
DEPOSITION X-Y TABLE

HEAD

4

Figure 1.7 Laser Engineered Net Shaping Process [W.1]

Liquid Binder
Inkjet Printhead
Powder Roller

\
7

New
Powder
Stock

Powder Bed

Build Platform

Figure 1.8 3D Printing Process [W.2]
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3-DIMENSIONAL (3D) PRINTING process uses an adhesive to bond powder
based material which is spread on the build table by the machine. After binding one layer, the
machine spreads fresh powder and the process is repeated. This process does not require any
additional material for support as the powder bed itself acts as a support. A schematic
diagram of the process is shown in Figure 1.8. A variation of 3D printing is wire based 3D
printing in which a wire is used as the material and is fed through the head. A heater then
increases the temperature of this wire and brings it in a semi molten state which is then
deposited to form layers of part.
The processes described above offer only a glimpse in the wide array of different

techniques that are available to make products using Rapid prototyping.

1.4 MOTIVATION

RP technology is starting to establish itself as a key player in manufacturing and
developing products. Products developed by RP technology have also found their way into
everyday life in the field of prosthetics, biomedical industry, architecture, material synthesis,
bio engineering, etc. But, with the increase in usage, the imbibed problems with this
technology also come into light.

A common problem shared by almost all manufacturing processes is dimensional
accuracy. Much effort has gone into manufacturing products that are more dimensionally
accurate than ever before. But more often than not, the products manufactured using RP
technology lack the dimensional accuracy as would be desired. This lack of accuracy is
usually due to two reasons. These reasons being- deteriorated surface quality and shrinkage
of fabricated parts.

As in RP technology layers are added onto each other, therefore it is nearly
impossible to obtain an exact shape as designed in the model. Figure 1.9 highlights how the
original surface differs from that of the CAD model. This is actually due to staircase effect,
an inherent problem in additive manufacturing. The cusp height, which is the normal distance
between the actual shape and base of the layer, is a key determiner of surface quality in
products and depends upon the thickness of the layers.

Since the actual surface guality of a product manufactured by additive layered process
could never be the same as intended from the CAD model, therefore it is important to
understand the different factors that affect the surface quality and to what extent do they
affect it.



Surface Error
o ' PI\//" Original CAD Model
b—» Cusp Height

Actual RP Part

Figure 1.9 Macro View of Surface of an RP Part

Moving on to the second aspect of dimensional accuracy i.e. shrinkage, most parts
manufactured by RP processes display shrinkage as they undergo phase transformation. First
when the temperature of the material decreases from molten to semi-molten state (or glass
transition temperature in some cases) and secondly when it changes to solid state. This leads
to reduction in the part dimensions as compared to the CAD model. Such a deviation from
the intended dimension gives rise to problems where any precision work is required or if
several components are to be fitted together.

As RP products gain more acceptance in the industry, it is helpful to try understand
the factors that affect the dimensional accuracy of a part so that products could be fabricated

with more accuracy.

1.5 THESIS ORGANISATION

This thesis work has been divided into six chapters described as follows:

Chapter 1 introduces Rapid Prototyping, explains the fundamental principle behind it
and discusses the various RP processes. Thereafter the motivation behind attempting this
research has been presented and the chapter finally culminates with the organisation of this
thesis.

Chapter 2 is a study into the various efforts undertaken by different people till date
aimed at investigating and understanding the factors that affect surface quality and
dimensional accuracy of parts. The chapter also establishes the reason behind this work via
research gap and then frames the objectives of the research work. It finally proposes a plan to
be worked upon for achieving those objectives.

Chapter 3 starts with presenting the theory behind the designing of the experiments.
Then it discusses the process parameters, material selection, specimen fabrication and data

collection.



Chapter 4 describes the statistical modeling of surface roughness and discusses the
various inferences drawn from the developed models that help in understanding the effect of
various parameters.

Chapter 5 describes the statistical modeling of shrinkage and uses the developed
model to draw inferences that help in understanding the phenomenon better.

Chapter 6 brings the whole thesis to an end by concluding the findings of this research

work and discussing the scope for further work.

10



Chapter 2
LITERATURE REVIEW

As discussed in the previous chapter, surface quality and shrinkage are the two major
aspects of dimensional inaccuracy which require attention to increase the efficacy and usage
of RP products. The surface quality of a product is mainly described in terms of its surface
roughness. Thus, to investigate dimensional inaccuracy one must understand how surface
roughness and shrinkage vary for RP processes. In order to understand this, it is useful to

look into the works of various people who have worked in the same domain.

2.1 LITERATURE REVIEW FOR SURFACE ROUGHNESS

Layer thickness, build orientation, part bed temperature, raster width, raster angle,
hatching distance, etc. are some of the major parameters that affect the surface roughness of
the parts fabricated. Much work has been done to find measures or ways to minimize the
surface roughness. A brief study of various attempts made to develop models for surface
roughness of parts made by RP processes is given below:

Onuh and Hon [3] optimised the process parameters for surface roughness of parts
fabricated by stereolithography. The process parameters selected were layer thickness, hatch
style, hatch spacing, hatch overcure and hatch fill cure depth. They arrived at the optimum
parameters using Taguchi technique and also studied two new hatching styles developed by
them. They suggested the optimum parameters for efficient production of parts made with
epoxy based resin.

Reeves and Cobb [7] used layer thickness, layer profile and surface angle as process
parameters to develop two different models for up and down surfaces of parts made by
stereolithography. They fabricated parts with surface angles varying from 0° to 180°. They
identified and studied the ‘print-through’ phenomenon which affected surface quality of the
downward surfaces over an envelope of orientation that spanned roughly 50°. Even though
their proposed mathematical model broke down after 90° but it provided a significant step
towards reducing surface roughness.

Campbell et al. [8] proposed a methodology and developed a computer graphics
based software that virtually displayed and optimised the surface roughness of the RP model.
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This was done by fabricating a ‘Truncheon’ by different RP processes (SL, Jetting, FDM,
LOM and Selective bonding) with the same process parameters. The surface roughness of
this part was measured and this served as the database for the visual algorithm. The algorithm
helped the user select the optimum build orientation based on the visualisation.

Anitha et al. [9] studied the effect of layer thickness, road width and deposition speed
on surface roughness of FDM parts using Taguchi technique. ANOVA was performed to
discern the significant parameters. They found layer thickness as most significant and having
an inverse relationship with surface roughness. Layer thickness was effective to 49.37% at
95% level of significance, which increased further to 51.57% at 99% level of significance if
the effect of the interaction of parameters was pooled.

Pandey et al. [10] developed a semi-empirical model to predict surface roughness of
FDM parts. They machined the fabricated parts using HCM to eliminate the staircase effect
and achieve better surface quality and also proposed a hybrid system involving layer-by-layer
machining for more intricate surfaces. Build orientation, cutting speed, rake angle and cutting
direction were taken as process parameters to develop a statistical model. They found build
orientation and cutting direction as significant factors. The developed statistical model was
able to predict results with greater than 99% correlation at 97% confidence level.

Bacchewar et al. [11] developed a statistical model to predict surface roughness of
SLS parts. They used CCRD to conduct experiments with wedge shaped parts, taking layer
thickness, surface orientation, laser power, beam speed and hatch spacing as process
parameters. ANOVA was used to find out the significant factors and a second degree
response surface model was assumed for surface roughness. Separate models were developed
for the up and down faces. They found build orientation and layer thickness as significant
factors. Preconditioned conjugate gradient method was then used to find the optimum process
parameters for both the up and down surfaces and the result was verified empirically.

Srivastava et al. [12] studied the effect of build orientation, layer thickness, laser
power, beam speed and hatch spacing on the surface roughness of glass filled polyamide
parts made by SLS process. Separate empirical models were developed for upward and
downward facing surfaces using CCRD technique. Build orientation and layer thickness were
found to be the major factors that affect the surface roughness.

Sachdeva et al. [13] developed empirical models for R,, R, and Ry values of parts
fabricated by SLS process. They considered laser power, scan spacing, bed temperature,
hatch length and scan count as process parameters. They used CCRD-RSM technique to

conduct the experiments and investigate the effects. Laser power was found to be the most
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significant parameter although the surface roughness values depended on all the parameters.
Optimisation was performed to find out the optimum values of all the parameters for
minimum surface roughness values.

Vasudevrao et al. [14] investigated surface roughness of parts fabricated by fused
modeling process. Fractional factorial design was used for designing the experiments and the
process variables were layer height, air gap, part bed temperature, road width and surface
orientation. They concluded that surface roughness is prominently affected by surface
orientation and layer height. They also optimised the parameters for minimum surface
roughness.

Ahn et al. [15] presented a new approach for calculating the surface roughness of
parts fabricated by fused deposition modeling process. They provided a theoretical model
based on surface angle changes to predict the distribution on surface roughness. Additionally,
they also analysed the effects of filament’s cross-sectional shape, filament overlap and layer
height on surface roughness. They verified the theoretical formulation by fabricating a
truncheon and measuring its surface roughness at different angles.

Kumar et al. [16] studied effect of change in local surface angle on surface roughness
of parts fabricated by poly-jet printing process. They proposed a theoretical model to measure
surface roughness on the basis of droplet angle. They found that increase in build orientation
increased roughness up to 90° but beyond that it decreased. Also, they iterated that
increasing layer height increased surface roughness but only minutely.

Kaji and Barari [17] used the geometry of the cusp to measure surface roughness of
parts fabricated using fused deposition modeling. They formulated an empirical relationship
for surface roughness. It was based on layer height and local surface angle. They finally
verified the model by conducting experiments and comparing the predicted roughness value
with actual value.

Chen and Lu [18] found that parts build along the transverse direction had better
surface finish than parts build along the axial direction. They used an Objet™ machine for
manufacturing parts. Build orientation and layer thickness were considered the main
parameters in the study. They also found that for thinner layers, orientation had almost
negligible effect on the surface roughness.

Dawoud et al. [19] compared the mechanical characteristics of parts produced using
fused deposition modeling with those produced using injection moulding. Raster gap and
raster angle were taken as variables while ABS was chosen as the material for specimen

fabrication. They concluded that negative raster angle has a positive effect on the mechanical
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properties. It was due to the fact that negative raster angle improves the overall crystalline
structure.

These works point toward understanding the effects of various process parameters on
the surface quality of RP products. Different approaches have been used by different people
to study this. Layer thickness and surface orientation seem to be the dominating factors in

most works and they are also the most common parameters in all processes.

2.2 LITERATURE REVIEW FOR SHRINKAGE

Dimensional accuracy has always been a problem area of RP and much work has been
done in this regard to achieve better accuracy. Post fabrication part shrinkage is an inevitable
component of RP processes. Most of the works aim at investigating the various parameters
like build orientation, layer thickness, part bed temperature, hatch spacing, part dimensions,
etc. that affect the shrinkage of the parts fabricated by RP processes. Given below is a brief
study of various attempts made at understanding the effect of these parameters:

Wang et al. [20] investigated the relationship between post-curing shrinkage and
various SLA parameters (post-curing duration, cure depth, laser power, laser pitch, scan
pitch, scan speed and scanning direction). Regression analysis was performed to correlate the
shrinkage with process parameters and an empirical model was developed. Linear correlation
was obtained between line width and cure depth to laser power for single cured line.

Dao et al. [21] attempted to improve the accuracy of parts made using Stratasys FDM
1650 rapid prototyping machine. They studied the effect of shrinkage compensation factor on
the dimensional accuracy and arrived at the result that a SCF of 1.010 instead of the default
value of 1.007 would reduce the mean error of the dimensions by 53%.

Raghunath and Pandey [22] investigated the impact of laser power, beam speed,
part bed temperature, hatch spacing and scan length on the shrinkage of parts made by SLS
process. Grey Taguchi Technique was used for design of experiments and ANOVA was
performed to analyse the data. Regression was performed to develop empirical models for
shrinkage along X, Y and Z axes. Dominating factors for shrinkage in X-axis were laser
power and scan length, while in Y-axis were laser power and beam speed; and in the Z-axis
were beam speed, hatch spacing and part bed temperature.

Williams and Deckard [23] studied the effects of scan length, laser beam diameter,
laser velocity and power of laser on Bosphenol-A polycarbonate parts made using selective
laser sintering process. For this they analysed the heat transfer and mechanism of energy
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transfer. And they finally concluded that to predict the dimensional deviation, only energy
density is not a good predictor. Instead, they said, other process variables such as delay time
and frequency of exposures had more prominent effect.

Wang et al. [24] used neural network model to study the effect of layer thickness,
laser power, hatch spacing, scanning speed, scanning mode, interval time and temperature of
working environment on shrinkage of parts made by SLS process. It was found that shrinkage
has a direct relationship with scanning speed and hatch spacing albeit in a certain range; and
an inverse relationship with layer thickness, laser power, interval time and temperature of
working environment.

Senthilkumaran et al. [25] proposed a non-uniform shrinkage compensation in the
sliced layers than a uniform shrinkage compensation factor for the entire part. Taguchi
method is used to design and conduct experiments to arrive at scaling factors used to
compensate shrinkage along single direction dexel spaces. New software was designed to
automate the whole process which used sliced data file to generate compensated coordinates
for the part. This new approach was also verified using two case studies to show its
effectiveness.

Schmutzler et al. [26] studied the various defects produced in parts fabricated by 3D
printing like curling, shrinkage, shape deformation, etc. They developed a mathematical
model in order to compensate these defects based on the data collected. Finally, they
proposed to change the shape and size of the part while slicing to reduce post fabrication
defects.

Nosouhi and Rahmati [27] studied the shrinkage in parts made using
stereolithography process. They used finite element method to simulate the process using
STAR-WEAVE hatching style. They found that majority of the shrinkage took place while
the part was post cured. This new hatching style developed by them was able to bring down
the shrinkage of parts fabricated by stereolithography process.

Wang [28] studied the shrinkage of parts made using selective laser sintering process.
He developed a mathematical formula for part shrinkage and offset of beam. He found that
application of shrinkage compensation before beam offset improved the part accuracy. Also,
he found that the beam offset had a major role to play in the final part accuracy than
shrinkage.

Sood et al. [29] studied the dimensional accuracy of FDM processed ABS parts
considering Part orientation, layer thickness, raster angle, raster width and air gap as process

parameters. Grey Taguchi method is used to arrive at a single relation for optimal factor
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settings of process parameters for minimizing shrinkage along length, width and height
simultaneously.

Boschetto and Bottini [30] studied the effect of layer thickness and deposition angle
on ABS parts fabricated by FDM process. Specimens were fabricated at angles randomly
varying between 0-180°. They developed a geometric model to predict the dimensional
deviations of fabricated parts. It was observed that the dimensional deviations increased
almost symmetrically as the deposition angle varied from 90° on both sides. A case study was
also performed to validate the developed model.

Gregorian et al. [31] studied the shrinkage in parts fabricated by FDM-1650. He
studied the default shrinkage compensation factor of the machine and fabricated parts using
different values of compensation factor. Then he analysed the data and concluded that instead
of using the default compensation factor, one must use a compensation factor of 1.007 for the
particular machine.

The literature discussed above aims at understanding the cause of dimensional
inaccuracy and in particular shrinkage of an RP product. Many different approaches have
been used by different people. The benefit of the use of a correct shrinkage compensation
factor has also been discussed by many. The factors affecting shrinkage seem more complex
than surface quality as it varies greatly depending upon process, parameters and materials

used.

2.3 RESEARCH GAP

Literature review presented above shows that, most of the previous work is
concentrated towards FDM & SLS processes. Even in those work, there is no literature
available which specifically studies the effect of raster angle on shrinkage; and extrusion
speed on surface roughness of solidified PolyLactic Acid as work material fabricated by 3D

printing process.

2.4 RESEARCH OBJECTIVE

The objectives of this project work are as follows:

1. To develop statistical models based on the effect of various process parameters on
shrinkage and surface roughness of parts fabricated by 3D printing process.

2. To study the effect of process parameters on shrinkage and surface roughness of the

manufactured parts.
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To estimate the errors in the developed shrinkage and surface roughness models.
To validate the developed shrinkage and surface roughness models.
To obtain the optimum process parameters for minimizing the shrinkage and

minimizing the surface roughness for parts manufactured using PLA as work material.

2.5 PLANNED METHODOLOGY

251

For Surface Roughness

To achieve the objectives for surface roughness as mentioned in section 2.4 following

steps were followed:

1.  Selection of process variables and their domain as per the machine specifications.

2. Using CAD software (Pro-E) to build solid models of the specimens.

3. Use Central Composite Rotatable Design (CCRD) method of response surface
technique to design the experiments.

4.  Specimen fabrication as per the designed experiments.
Collect surface roughness data for upward and downward oriented surfaces.

6. Use Analysis of Variance to ascertain the significant parameters and analyse the
data.

7. Development of separate statistical model for upward oriented and downward
oriented surfaces.

8.  Error estimation in the developed models.

9.  Optimise the process parameters for minimum surface roughness.

10. Within the experiment validation of the developed models.

2.5.2 For Shrinkage
To achieve the objectives for shrinkage as mentioned in section 2.4 following steps were
followed:

1.  Selection of process variables and their domain as per the machine specifications.

2. Using CAD software (Pro-E) to build solid models of the specimens.

3. Use Central Composite Rotatable Design (CCRD) method of response surface
technique to design the experiments.

4.  Specimen fabrication as per the designed experiments.

5.  Collect surface roughness data for upward and downward oriented surfaces.

6. Use Analysis of Variance to ascertain the significant parameters and analyse the
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data.

7. Development of separate statistical models for shrinkage along length, breadth and
height.

8.  Error estimation in the developed models.

9.  Optimise the process parameters for minimum shrinkage.

10. Within the experiment validation of the developed models.

2.6 CHAPTER SUMMARY

Thus finally, to summarise this chapter, based on the literature survey of various works
done with regard to understanding the causes of dimensional inaccuracies that appear on RP
products, it was found that effect of extrusion speed on surface roughness and the effect of
raster angle on shrinkage of PLA parts fabricated using FFM process was not studied yet. To
study these, an objective was prepared and the methodology to reach this objective was

planned. Based on this plan, further work was done to achieve the objectives.
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Chapter 3
DESIGN OF EXPERIMENTS

3.1 RESPONSE SURFACE METHODOLOGY

“Response Surface Methodology (RSM) is a collection of mathematical and statistical
technique useful for the modeling and analysis of problems in which a response of interest is
influenced by several variables and the objectives is to optimize this response” [32]. In the
present case, the response of interests are the surface roughness and shrinkage values, while
the parameters affecting them are various like layer thickness, surface orientation, part bed
temperature, raster angle, part dimensions, extrusion speed, etc.

As it is evident that the variables that affect the response are quite large, therefore was
quite unfruitful to assume the response as a first degree polynomial. If assumed so, it would
not have taken into account the interactions of the various parameters and would thus be
unable to explain the curvatures in the response, if any. Hence, the best feasible approach was
to assume the response as a minimum second degree polynomial. Even though this might not
represent a reasonable approximation of the response function over the entire space of the
parameters, but it would be quite accurate for a relatively smaller domain. A second degree
response model is defined as follows [33]:
y=2+ Zik=1:3i Xi+ DD ByXiX; + Z:;lﬁi x> +& (3.2)
Where,

y = response,

X = input variable,

B = constant coefficients, and

¢ = random error.

It could be observed from equation 3.1 that it has quadratic terms; this allows it to describe
the parabolic curvature of the response surface. Also, it would help in locating the region of
maximum and minimum response as our eventual objective in RSM is to optimize the
response.

The input variables and the response are already known. The unknown are the
constant coefficients of the polynomial equation, and to find them the method of least squares

was used. In this method those coefficients are chosen to fit the response, which offer the
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least value of the sum of squares of the errors. In order to find this, the above polynomial
equation is first reduced to a linear equation of the form:

[Y1=[BILX] + [e] 3.2)
where, Y is a nx1 matrix which contains the response values, X is a nxs matrix containing the
values of the levels of various input parameters and their interactions with each other, ¢ is a
nx1 matrix that contains the random experimental errors and f is a sx1 matrix that contains
the constant coefficients. Now the objective here is to find those values of  which minimizes
the error. This least square estimator of {3 is given by the equation:

p=(XTX)*XTY (3.3)
where, X" indicates the transpose of matrix X.

Correct choice of experimental design is crucial to analyzing response surfaces. In
order to fit this second order model that has been assumed, various approaches can be taken
like full factorial, fractional factorial, central composite, Box-Behnken, etc. The simplest
would be to use a full factorial design in which the experiments lie at every point of
interaction of the parameters over the entire region of interest. The number of experiments in
a full factorial design is given by n*, where k represents the number of parameters that affect
the response and n represents the number of levels of those parameters. But in the present
scenario, there were a large number of parameters and also experiments had to be performed
at more subsequent levels in order to better analyse the response. This would have rendered
the number of experiments relatively astronomical and thus this approach was refrained from.

Keeping in mind the feasibility of the number of experiments that could be performed
to analyse the response, one of the most popular designs used to fit second order responses
was used, namely Central Composite Rotatable Design (CCRD). In this design, apart from
the factorial points (but only those points that lie at the corners of the space are considered),
axial points are incorporated and replicates of the central point are also added. The addition
of these replicates improves the precision of the experiment and the axial points help in
analysing the curvature of the response. Given below is a central composite design for three

factors or parameters:
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Figure 3.1 Experimental Points in CCRD

To begin with designing experiments using this technique, one first needs to choose the
different variables that affect the response. These variables depend upon the process selected
for fabricating the specimens. To undertake the work in this thesis, Fused Filament Modeling
process was selected to fabricate specimens. This process along with the various process
parameters associated, is discussed in the next section.

3.2 FUSED FILAMENT MODELING

Fused Filament Modeling (FFM) process uses polymers, wax or thermoplastics to form
layers of the product. The material used is in the form of a filament which is then heated to
reach a molten state. This molten filament is then dropped on the part bed to form the
product. A nozzle is usually used for this process. The temperature of this nozzle is greater
than the glass transition temperature of the thermoplastic or the material used. This brings the
material to a molten state and then it is dropped onto the bed. The layers bind to each other
due to adhesion or heat. This nozzle moves in the X-Y direction following the path as defined
by the software to form a layer. After the completion of the layer, the part bed moves down
by unit layer thickness and the process is repeated. Each layer usually solidifies within a very

short span of time. Figure 3.2 below is a photograph of an actual machine:
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Figure 3.2 Photograph of FLASHFORGE CREATERPRO machine used in this study

3.2.1 Process Parameters in FFM

Most FFM machines nowadays offer variety of parameters that can be varied by the
user to change the strength, surface quality, structure, etc. of the part fabricated. These
parameters also affect the build time directly. Some of these parameters are discussed below:
Layer Thickness: This is the thickness at which the STL file is sliced for part fabrication. It
is also the distance by which the part bed moves down in the Z direction after completion of a
layer. The layer thickness directly affects the build time and the surface quality. Most slicing
or FFM softwares usually allow the user to select a layer thickness within a specified range.
Extrusion Speed: It is the rate at which material is deposited on the part bed. It is usually
measured as the distance covered in one second.
Part Bed Temperature: It is the temperature of the part bed on which the part is being built.
The part bed is preheated to control the curling or warping of the part.
Build Orientation: It is the angle at which the part is being fabricated on the part bed.
Raster Angle: It is the angle at which each bead is deposited from the nozzle tip in the part.
Raster Width: Also called road width, it is the gap between adjacent beads of deposited

material.

22



3.3 PLANNING OF EXPERIMENTS
3.3.1 For Surface Roughness

In present work, the aim was to study how surface roughness is being affected by
different factors. To achieve this, it was essential to first decide a set of variables which can
help attain diverse equi-spaced values in the experiments. Using observations from the
literature review, it was found that orientation, layer thickness, part bed temperature and
extrusion speed may have varying effects on the surface roughness. Moreover it was possible
to easily change these values in the machine to achieve different combinations of these
parameters. Hence these were selected as parameters in the present study. As per the
specification of machine (CREATERPRO by FLASHFORGE) given in the machine manual,
the range and levels of these selected process parameters were defined. The range of process
parameters and their levels are summarized in Table 3.1. Based on these process parameters a
total of 31 experiments were designed and carried out for fabrication of specimens which
were further utilised to measure the surface roughness. Table 3.2 shows the design of the

experiments with various process parameters.

Table 3.1 Process Parameters for Surface Roughness

Levels
Parameters
2D O | @] @
Build Orientation (degree) 0 20 40 60 80
Layer Thickness (micron) 100 | 150 | 200 | 250 | 300

Part Bed Temperature (degree Celsius) | 50 52 54 56 58

Extrusion Speed (mm/min) 2000 | 2400 | 2800 | 3200 | 3600

Table 3.2 Uncoded Design of Experiments for Surface Roughness

EXP. NO. ORT LT PBT ES

60 150 52 2400
40 200 54 2800
60 150 56 3200
40 200 54 2800
20 250 52 3200
60 150 56 2400
80 200 54 2800
40 100 54 2800

O INO|OTR~IWINF
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9 40 200 54 2000
10 40 200 54 2800
11 40 300 54 2800
12 60 250 52 3200
13 0 200 54 2800
14 60 250 52 2400
15 20 250 56 2400
16 40 200 50 2800
17 40 200 54 2800
18 40 200 54 2800
19 20 150 52 3200
20 40 200 58 2800
21 40 200 54 2800
22 20 250 52 2400
23 60 250 56 2400
24 40 200 54 3600
25 60 250 56 3200
26 20 150 56 2400
27 40 200 54 2800
28 20 150 52 2400
29 20 250 56 3200
30 20 150 56 3200
31 60 150 52 3200

3.3.2 For Shrinkage

Similar to previous section, here too different variables based on the observations
from the literature review were selected. The parameters chosen are part orientation, layer
thickness, raster angle, part bed temperature and length. Further, these parameters can be
controlled on the machine used for fabrication of specimens. In this section too, the range of
the parameters was selected based on the specifications of the machine. The various process

parameters and their levels are given in the table below:

Table 3.3 Process Parameters for Shrinkage

Parameters Levels
2| D) 1O Q|3
Build Orientation [ORT] (degree) 0 22.5 45 | 675 | 90
Layer Thickness [LT] (micron) 100 | 150 | 200 | 250 | 300
Part Bed Temperature [PBT] (degree Celsius) | 50 52 54 56 58
Raster Angle [RA] (degree) -45 | -22.5 0 225 | 45
Length [L] (mm) 10 30 50 70 90

Based on these process parameters a total of 32 experiments were designed and carried out
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for production of specimen which have been further utilised to measure shrinkage. The table

given below shows the design of the experiments containing various process parameters:

Table 3.4 Uncoded Design of Experiments for Shrinkage

EXP. NO. ORT LT RA PBT L
1 45 200 0 54 50
2 45 300 0 54 50
3 45 200 0 54 50
4 22.5 250 -22.5 52 30
5 45 200 0 54 50
6 45 200 0 54 10
7 22.5 250 -22.5 56 70
8 225 150 22.5 52 30
9 45 200 0 54 90

10 45 200 0 50 50
11 0 200 0 54 50
12 45 200 0 58 50
13 67.5 150 22.5 56 30
14 22.5 250 22.5 52 70
15 225 150 22.5 56 70
16 45 200 45 54 50
17 67.5 250 22.5 52 30
18 90 200 0 54 50
19 67.5 150 -22.5 52 30
20 67.5 250 -22.5 56 30
21 45 200 0 54 50
22 67.5 250 -22.5 52 70
23 225 250 22.5 56 30
24 45 200 -45 54 50
25 225 150 -22.5 56 30
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26 45 200 0 54 50
27 67.5 150 22.5 52 70
28 67.5 250 22.5 56 70
29 67.5 150 -22.5 56 70
30 45 200 0 54 50
31 22.5 150 -22.5 52 70
32 45 100 0 54 50

3.4 SPECIMEN FABRICATION
3.4.1 Material Selection and PLA Material Properties

Various materials like ABS, PET, Nylon, PLA, etc. can be used in the FFM process to
fabricate a product. Of these materials, PLA was chosen owing to its various characteristics
like high strength, durability, biodegradability, is safe for human exposure and also less likely
to warp. PLA has become one of the most widely used materials for fabricating parts by
FDM and FFM. With PLA, 3D printers are able to fabricate even fully functional parts. It is
also used for production tooling, form, fit and function studies. But even then, surprisingly,
there had not been a study yet towards the dimensional accuracy of parts fabricated using
PLA. All these reasons strengthen the case for using PLA as the build material. To

understand the characteristics of PLA, its material, mechanical and thermal properties are

given in the tables below:

Table 3.5 Material Properties of PLA [34]

Property Value Unit
Density 1.25 glem®
Shrink Rate 0.37-0.41 %
Degree of Crystallinity 0-37 %

Table 3.6 Mechanical Properties of PLA [34]

Property Value Unit
Rockwell Hardness No. 110-122
Tensile strength 61-66 MPa
Elongation at break 21-30 %
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Tensile Modulus 2.7-16 GPa
Flexural yield strength 48-110 MPa
Izod Impact, Notched 2.46-2.94 Jicm

Table 3.7 Thermal Properties of PLA [34]

Property Value Unit
Glass Transition Temperature 52-62 Centigrade
Heat Deflection temperature 49-52 Centigrade

3.4.2 Specimen for Surface Roughness

Typical wedge shape solid parts at different build orientations as shown in Figure 3.3
were modelled in Pro-E. These solid parts were then converted to STL file format. After that
these STL format files were imported to Simplify3D software which sliced the part into thin
layers as defined by the user. The various other parameters such as part bed temperature,
extrusion speed, etc. can also be controlled using this software. These sliced files were then
transferred into a memory device which was further used for fabrication on a FLASHFORGE
CREATERPRO machine. The fabricated parts are shown in Figure 3.4 and 3.5.

10.00 10.00

= 10.00 —=

(a) Part of 0° Orientation (b) Part of 20° Orientation

(c) Part of 40° Orientation (d) Part of 60° Orientation
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10.00
—— 10.00

(e) Part of 80° Orientation

Figure 3.3 Models of parts of different orientation

|

Figure 3.4 Fabricated specimens of different orientations

28



(@) Isometric View (b) Front View

Figure 3.5 Close up view of a fabricated specimen of orientation 40°

3.4.3 Specimen for Shrinkage

Strips of different lengths as shown in Figure 3.6 were modelled in Pro-E to define the
dimensions to be used to evaluate shrinkage characteristics. They were then converted into
STL file format. These .STL files were transferred to Simplify3D software for slicing of the
specimen into layers and defining other significant parameters like part bed temperature,
layer thickness, raster angle, etc. Sliced files were then transferred to 3D printing machine

using a memory card.

i !
L.an 5.00

J i

- 10,00 —= 30.00
(a) Part of 10 mm Length (b) Part of 30 mm Length
500 3 | s
50.00 R
(c) Part of 50 mm Length (d) Part of 70 mm Length
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00,00

(e) Part of 90 mm Length
Figure 3.6 Modelled parts of different lengths

Figurem?;.'A?miéabFicat'éd specimens of different lengths

A
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Figure 3.8 Top view of sample specimens of varying lengths
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Figure 3.6 (a), (b), (c), (d) and (e) show the top view models of the parts of different lengths

with their dimensions. Figure 3.7 and 3.8 are actual photographs of the fabricated specimens.

3.5 RESPONSE DATA COLLECTION

After using the designed experiments to fabricate specimens, the next step was to
measure the response. This sections deals with the methods of measuring response and

compilation of the recorded data.

3.5.1 For Surface Roughness.

For the study of surface roughness, the response was the arithmetic average of profile
deviations from the mean line. This is known as the Ra value. It was measured separately for
upward and downward facing surfaces. These surfaces are termed so based on the surface

vector as shown in the figure below:

Z axis
Upward
N N
< Y . normal
S \? | vector
< -
b N,
q} S N\
- N N\ Xy
Downward A\ p plane
normal ¢: Build orientation
vector (a) Definition of upward and downward surfaces

and concept of build orientation

(b) Direction of surface roughness measurement

Figure 3.9 Surface orientation definition and measurement technique [11]

The readings were taken by a contact type mechanical profilometer called Surftest SJ-400
from Mitutoyo. It has a range of 0 - 800 microns and a resolution of 0.000125 microns. It

uses a 90° cone type stylus tip with a diamond detector of 5 micron radius. Three readings
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were taken for each surface and its average was used as the final response data for surface

roughness. The final readings are given in the table below:

Table 3.8 Surface roughness measurement data

SL.No. | ORT | LT | pBT | ES | a(p) | Ra(Down)
(in microns) | (in microns)
1 60 150 52 2400 24.763 28.602
2 40 200 54 2800 21.725 19.562
3 60 150 56 3200 23.840 23.432
4 40 200 54 2800 20.266 21.290
5 20 250 52 3200 19.450 18.194
6 60 150 56 2400 25.464 26.369
7 80 200 54 2800 29.295 31.077
8 40 100 54 2800 10.730 9.220
9 40 200 54 2000 19.649 18.311
10 40 200 54 2800 20.768 19.751
11 40 300 54 2800 28.441 42.933
12 60 250 52 3200 37.853 42.976
13 0 200 54 2800 17.734 16.832
14 60 250 52 2400 40.319 44,597
15 20 250 56 2400 19.332 21.298
16 40 200 50 2800 21.660 18.085
17 40 200 54 2800 20.240 20.856
18 40 200 54 2800 19.786 19.717
19 20 150 52 3200 11.537 10.906
20 40 200 58 2800 17.931 16.780
21 40 200 54 2800 20.334 18.076
22 20 250 52 2400 19.187 18.167
23 60 250 56 2400 40.188 41.287
24 40 200 54 3600 18.069 16.268
25 60 250 56 3200 38.772 42.199
26 20 150 56 2400 11.441 12.958
27 40 200 54 2800 21.012 18.388
28 20 150 52 2400 13.355 14.149
29 20 250 56 3200 17.001 19.111
30 20 150 56 3200 11.137 11.004
31 60 150 52 3200 23.198 16.412
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3.5.2 For Shrinkage

To study the nature of shrinkage of parts, the deviations in the dimensions of the parts
from the actual CAD model were measured. A digital Vernier caliper by Mitutoyo was used
for the job, which has a range of 0 — 150 mm and a resolution of 0.02 mm. Three readings
were taken, each along the length, breadth and height of the components; and their average
was used as the final data as shown in the table below:

Table 3.9 Shrinkage measurement data

SL.NO. | ORT | LT | RAa |paT| L | DeltalL | DeltaB | DeltaH
(in mm) (in mm) (in mm)
1 45 | 200 0 | 54 | 50 | o041 0.05 0.11
2 45 1300 0 | 54 | 50 | 009 0.02 0.05
3 45 1200 0 | 54 | 50 | 012 0.06 0.1
2 225 | 250 | 225 | 52 | 30 | 0.06 0.02 0.06
5 45 | 200 0 | 54 | 50 | o041 0.05 0.11
6 45 1200 0 | 54 | 10 | 004 0.04 0.08
7 225 | 250 | 225 | 56 | 70 | 0.1 0.03 0.07
8 225 | 150 | 225 | 52 | 30 | 004 0.03 0.11
9 45 1200 0 | 54 | 90 | 047 0.06 0.09
10 45 1200 0 | 50 | 50 | o041 0.09 0.1
11 0 1200 0 | 54 |50 | 008 0.02 0.08
12 45 | 200 0 | 58 |50 | 01 0.08 0.11
13 | 675 | 150 | 225 | 56 | 30 | 0.6 0.04 0.13
14 | 225 | 250 | 225 | 52 | 70 | 0.09 0.01 0.07
15 | 225 | 150 | 225 | 56 | 70 | 01 0.04 0.12
16 45 | 200 | 45 | 54 | 50 | 012 0.02 0.09
17 | 675 | 250 | 225 | 52 | 30 | 0.09 0.05 0.08
18 9 | 200 0 | 54 |50 | 016 0.09 0.12
10 | 675 | 150 | 225 | 52 | 30 | 0.09 0.11 0.11
20 | 675 | 250 | 225 | 56 | 30 | 041 0.04 0.08
21 45 1200 0 | 54 | 50 | 012 0.06 01
22 | 675 | 250 | 225 | 52 | 70 | 0.14 0.07 0.09
23 | 225 | 250 | 225 | 56 | 30 | 004 0.02 0.08
24 45 | 200 | 45 | 54 | 50 | 041 0.07 0.08
25 | 225 | 150 | 225 | 56 | 30 | 041 0.08 0.13
26 45 1200 0 | 54 |50 | o041 0.05 0.11
27 | 675 | 150 | 225 | 52 | 70 | 047 0.07 0.13
28 | 675 | 250 | 225 | 56 | 70 | 022 0.07 0.09
20 | 675 | 150 | 225 | 56 | 70 | 0.15 0.09 0.13
30 45 1200 0 | 54 | 50 | 012 0.06 011
31 | 225 | 150 | 225 | 52 | 70 | 014 0.09 01
32 45 |100| 0 | 54 | 50 | 015 0.09 0.14
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3.6 CHAPTER SUMMARY

Finally, for this chapter it can be summarised that, to study the effect of various
parameters on surface roughness and shrinkage of FFM fabricated PLA parts, experiments
were designed using CCRD-RSM technique. Thereafter, samples were fabricated using these
set of experiments and the data of response from these samples was collected. The response
for surface roughness was Ra value and for shrinkage was change in dimensions along
length, breadth and height of the component. Using this data, further analysis was done that

sheds light on the nature of surface roughness and shrinkage of parts.
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Chapter 4

STATISTICAL MODELING OF SURFACE
ROUGHNESS

4.1 FOR UPWARD ORIENTED SURFACE
4.1.1 Statistical Modeling

After acquiring the data of surface roughness of upward oriented surfaces for all the
samples, which is the response of interest in this case, ANOVA was performed to study the
effect of the parameters viz. layer thickness, orientation, part bed temperature and extrusion
speed on it. This helped in identifying the insignificant factors from the significant ones.
Using these inferences drawn from ANOVA, regression was performed to correlate the
significant factors with response i.e. surface roughness. As mentioned in the previous chapter,
this was done using the method of least squares. After performing the regression analysis, the
following statistical model was obtained:

Rayp, = 29.08 — (0.6165 x ORT) + (0.02095 x LT) — (0.2437 x PBT) — (0.001359 x ES)

+ (0.007669 x ORT?) + (0.002045 x ORT x LT) (4.1)
This statistical model was then checked as to how well it fits the data. This was done by
performing an ANOVA test, again, on the developed regression model. This test is
sometimes also known as Lack-of-Fit F-Test. In this, F-value for lack-of-fit is first calculated
by dividing the mean sum of lack-of-fit by the mean sum of pure errors. This F-value is then
used to obtain a p-value which indicates the significance or insignificance of the lack of fit.
The model obtained by regression must have an insignificant lack of fit to be relevant. Table
4.1 shows ANOVA of the developed regression model. Observing Table 4.1, it could be
noticed that the p-value for lack of fit is 0.113 which is above 0.05. This shows that lack of fit
for the developed regression model is insignificant which in turn means the developed
regression model fits the data well. Also comparing the F-values, it was found the model was
adequate and the lack of fit insignificant. But the Lack-of-Fit F-test does not indicate how
well the developed regression model fits the data or in other words, how strongly does the

developed model correlate the response and the affecting factors.
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Table 4.1 ANOVA Table for Ray, Regression Model

Degree
Source of Sumof | Mean - P- S R? Remarks
Squares | Squares | Value | Value
Freedom
Regression 6 2573.05 | 428.842 | 528.96 | 0.000 Fos624=2.51
Fos624 <F;
Model is
Error 24 19.46 0.811 adequate
0.900 | .9925
Lack-of-Fit 18 17.15 0.953 2.48 | 0.113 Fos186 =3.90
Fos186> F;
Lack of fit is
Pure Error 6 2.30 .348 insignificant

The S value in table 4.1 called the standard error of the estimate is a representation of
the mean deviation of data points from the developed statistical model. The lower the value
of S, the better the response is described by the model. In this case, the value of S is 0.900406
which means on the average, there is a deviation of about 0.9 micron between the actual
value and as obtained from the developed regression model. Another indicator of the
goodness-of-fit is the R? value (from table 4.3), called the coefficient of determination. It
denotes the percentage of variation in data that is explained by the model. The higher the R?
value, the better the model is. In the developed model, the value of R? is more than 99%
which indicates that the model establishes very strong correlation between the response and
the factors affecting it. Based on these parameters, it is argued that the developed regression

model fits the data points very well.

4.1.2 Results and Discussion
The ANOVA table of the regression model could be used to see to what extent do the
factors affect the response and what is the percentage error in the model. A pie chart shown

below depicts the contribution of individual parameters on the surface roughness:
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Figure 4.1 Individual contribution of factors on surface roughness of upward oriented surface

Using the pie chart it could be deciphered that of all the factors, surface orientation has the
most prominent effect on the surface roughness, manifested through its linear and quadratic
terms. This is followed by layer thickness while the other factors and their interactions
produce relatively miniscule effects.

To facilitate the understanding of the effect of the individual parameters as to how
their variation affects the surface roughness a Main Effects Plot could be used. It shows the
relationship between the four individual parameters and the surface roughness. The main

effects plot for upward oriented surface is shown below:

Main Effects Plot for Surface Roughness of Upward Oriented Surface
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Figure 4.2 Main Effects Plot for Upward Oriented Surface
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Figure 4.2 shows how the response varies as the values of the parameters changes from the
lowest to the highest values. It could be seen that roughness first decreases with increase in
orientation approximately till around 20° and then continues to increase sharply. With
increase in layer thickness also, surface roughness increases; although the change is not as
steep as in the case of orientation. For part bed temperature and extrusion speed, it could be
seen that the value of surface roughness oscillates near the mean, represented by the dotted
horizontal line, as the values vary from lowest to highest. This means that these two
parameters do not really have a profound impact on the surface roughness and certainly not

as much as the other two.

Surface Roughness

Layer Thickness o Orientation

Figure 4.3 Interaction plot between orientation and layer thickness for upward oriented
surface

The interaction plot shown in the figure above was constructed using MATLAB 2013a. It can
be seen that higher values of orientation combined with higher values of layer thickness are
extremely detrimental to surface quality. Also it is to be noticed that there is a minor stoop in
surface roughness for thinner layer till 20° orientation. This might be because of the filleting
effect which can reduce the surface profile irregularities. But at higher orientations, its effect
will not be as prominent. Similar phenomenon has been reported in selective laser sintering

process [11]. While the increase of layer thickness decreases the surface quality for every
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value of orientation within the domain. This is because increasing the layer thickness will

increase the cusp height which in turn will decrease the surface quality.

4.1.3 Model Confirmation

This developed model could now be used to predict the response of an experiment.
But, the value of response predicted from this model shall never be exactly the same as
measured experimentally. There always shall remain a deviation between the actual and the
predicted value. This deviation indicates the accuracy of the model and could also be termed
as experimental error. Unless the range of this deviation is specified, the developed statistical
model seems incomplete. This error (or deviation) which shall be termed ARa depends upon
the confidence interval, degree of freedom of error in the model and the mean square of error
(MSE) in the model. The relationship is given by the equation below:
BRAyp = tegop X JVe (4.2)
The value of t is calculated using the T-table corresponding to the specified confidence
interval (95%) and degree of freedom (24). The value of t is found to be 2.064 and the value
of MSE is 0.811 which can be known by referring to table 4.2. Thus, finally, the calculated
value of ARa is 1.859 microns. This is to say the actual value of response of an experiment
shall always lie within a range of + 1.859 microns of the predicted value. The same is verified

within the designed experiments as shown in the table below:

Table 4.2 Confirmation of model for upward oriented surface

Sample Experimental Statistical Statistical Value + | Statistical Value —
No. _ Va_llue _ \_/aIue Erro_r (Ra_up+ARaup) Erro_r (szlup-ARaup)
(in microns) | (in microns) (in microns) (in microns)

1 24.763 25.312 27.171 23.453
2 21.725 20.275 22.134 18.416
3 23.840 23.250 25.109 21.391
4 20.266 20.275 22.134 18.416
5 19.450 18.259 20.118 16.400
6 25.464 24.337 26.196 22.478
7 29.295 31.126 32.985 29.267
8 10.730 10.000 11.859 8.141
9 19.649 21.363 23.222 19.504
10 20.768 20.275 22.134 18.416
11 28.441 30.250 32.109 28.391
12 37.853 38.590 40.449 36.731
13 17.734 16.305 18.164 14.446
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14 40.319 39.677 41.536 37.818
15 19.332 18.371 20.230 16.512
16 21.660 21.250 23.109 19.391
17 20.240 20.275 22.134 18.416
18 19.786 20.275 22.134 18.416
19 11.537 12.074 13.933 10.215
20 17.931 19.301 21.160 17.442
21 20.334 20.275 22.134 18.416
22 19.187 19.346 21.205 17.487
23 40.188 38.702 40.561 36.843
24 18.069 19.188 21.047 17.329
25 38.772 37.615 39.474 35.756
26 11.441 12.186 14.045 10.327
27 21.012 20.275 22.134 18.416
28 13.355 13.161 15.020 11.302
29 17.001 17.284 19.143 15.425
30 11.137 11.099 12.958 9.240
31 23.198 24.225 26.084 22.366

4.1.4 Model Optimisation
The developed statistical model can be used to locate the optimum response within

the domain. The purpose here is to minimize surface roughness of the upward oriented
surface. To achieve this, an inbuilt function called fmincon of MATLAB 2013a was used.
The final optimization problem can be formulated as below:
Minimize Ray,
Subjected to 0 < ORT < 80;

100 < LT < 300;

50 <PBT < 58;

2000 < ES <3600.
The table below shows the solution of the above problem, i.e. the minimum value of Ray,

along with the value of the parameters at which this value is achieved:

Table 4.3 Optimum value of Ra,, and associated parameters

Optimum Ray, (microns) | ORT LT PBT ES
6.615 27 100 58 3600
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4.2 FOR DOWNWARD ORIENTED SURFACE
4.2.1 Statistical Modeling

Similar to the upward oriented surface as mentioned in the previous section, for
downward oriented surfaces too, after collecting the data for the response i.e. surface
roughness for down side, ANOVA was performed. This helped in identifying which of the
parameters, their quadratic terms and their interactions affect the response. The parameters
for the downward facing surface are exactly the same as they were for the upward facing
surface viz. surface orientation, layer thickness, part bed temperature and extrusion speed.
After obtaining the significant factors, regression was performed to correlate them with the
response. The regression finally yields a statistical model as written below:

Ragown = 83.74 — (0.8585 x ORT) — (0.4883 x LT) — (0.01270 x ES) + (0.008873 x ORT?)
+ (0.000913 x LT?) + (0.002887 x ORT x LT) + (0.000052 x LT x ES) (4.3)
Similar to upward oriented surface (section 4.1), ANOVA was again performed on this

developed regression model to check its adequacy. The results of the test are shown in the

table below:
Table 4.4 ANOVA Table for Ragown Regression Model
Degree Sum of | Mean F- P-
Source of S R? Remarks
Squares | Squares | Value | Value
Freedom
Regression 7 3543.18 | 506.169 | 349.57 | 0.000 Fos723=2.44
F>F 05723
Model is
Error 23 33.30 | 1.448 adequate
1.20 | .9907
Lack-of-Fit 7 15.65 2.236 2.03 0.115 F_05’7,16 =2.66
F < F.o57,6;
Lack of fit is
Pure Error 16 17.65 1.103 insignificant

As mentioned in section 4.1, the p-value of the lack-of-fit is an indicator of whether or not the
developed model fits the data points. The p-value of lack-of-fit observed from table 4.5 is
0.113 which is more than 0.05. This suffices the condition that the developed model fits the
data points. Also the comparison of F-value showed that the model is adequate and the lack
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of fit is insignificant. The quantification of how well does it fit the data points again requires
to observe the S and R? values.

The low value of S shows that deviation between the data points and the developed
model is very low and on average only about 1.2 microns. While the higher value of R?,
99.07% to be exact, elucidates the strong correlation between response and input variables.
And these two quantities provide the foundation to deduce that the developed regression

model very well qualifies to indicate the surface roughness for downward oriented surfaces.

4.2.2 Results and Discussion
The sequential sum of squares from ANOVA of the regression model was used to
gain an insight into how the response is being affected by the different factors. Similar to the

previous section, here too a pie chart is constructed using that data to interpret the results.

H ORT
mLT
31.85% MES
ORTXORT
B LTXLT
M ORTxLT
LTXES

Error

3.66%

Figure 4.4 Individual contribution of factors on surface roughness of downward oriented
surface

For the downward surface too, the prominent effects of surface orientation followed by layer
thickness on the roughness could be easily seen. Of all the linear terms, extrusion speed has
the least effect on the roughness but the quadratic and interaction terms play a larger role in
defining the roughness of downward surface as compared to the upward surface. Moreover,

in this case too as the previous, the error is below 1%.
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Figure 4.5 showcases the relationship between the linear variations of the individual
parameters with surface roughness. The variations in this case too are mostly similar to as
observed for the upward oriented surface. With increase of orientation, in the beginning till
about 20°, there is very slight change in surface roughness. Thereafter, a sharp rise in surface
roughness could be observed with increase in surface orientation. With increase in layer
thickness, surface roughness only seems to increase but the rise is not as steep as that of
orientation. Also, similar to previous case, oscillations about the mean (dotted horizontal line)
could be found with changes in part bed temperature and extrusion speed.

Main Effects Plot for Surface Roughness of Downward Oriented Surface
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Figure 4.5 Main Effects Plot for downward oriented surface
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MATLAB 2013a was used to construct interaction plots shown in Figure 4.6 and 4.7. The
trends shown in Figure 4.6 are similar to the trend observed for upward oriented surface
(Figure 4.3). There is a slight decrease in surface roughness for lower values of orientation
and thickness. The reason could once again be attributed to the fact that a filleting effect
would be present and it will decrease the roughness for lower values of orientation. Also in
this case too, the combination of higher values of orientation and thicker layers is detrimental
to surface quality. In Figure 4.7, it could be observed that increasing the extrusion speed has
very marginal effect in surface roughness and it seems to improve the surface quality for
thinner layers. However changing the layer thickness has very large negative effect on the

surface roughness on account of the increase in cusp height.

4.2.3 Model Confirmation
Again, since the actual value of an experiment can never be exactly same as the value
calculated from the statistical model, a range of deviation (+ARagown) Was calculated using

the formula given below:

BARAgown = ta gop X JVe (4.4)
The confidence interval is same i.e. 95% while the degree of freedom is 23 and mean square
of error is 1.448 (refer table 4.5). The value of ARagwn hence calculated is 2.490 microns
which means the actual surface roughness for downward oriented surface in an experiment

would be equal to the predicted value + 2.490 microns. The same is validated within the

designed experiments as shown in the table below:

Table 4.5 Confirmation of model for downward oriented surface

Sample Experimental | Statistical Statistical Value + Statistical Value —
No. _ Va_llue . Va_llue Error (_Rado_\,\,n+ARadown) Error (_Radqwn-ARadown)
(in microns) | (in microns) (in microns) (in microns)
1 28.602 26.193 28.683 23.703
2 19.562 19.113 21.603 16.623
3 23.432 21.773 24.263 19.283
4 21.290 19.113 21.603 16.623
5 18.194 20.502 22.992 18.012
6 26.369 25.693 28.183 23.203
7 31.077 33.413 35.903 30.923
8 9.220 11.445 13.935 8.955
9 18.311 20.653 23.143 18.163

45



10 19.751 19.113 21.603 16.623
11 42.933 42.041 44.531 39.551
12 42.976 43.425 45.915 40.935
13 16.832 16.160 18.650 13.670
14 44.597 43.185 45.675 40.695
15 21.298 20.262 22.752 17.772
16 18.085 19.113 21.603 16.623
17 20.856 19.113 21.603 16.623
18 19.717 19.113 21.603 16.623
19 10.906 10.398 12.888 7.908
20 16.780 19.113 21.603 16.623
21 18.076 19.113 21.603 16.623
22 18.167 20.262 22.752 17.772
23 41.287 43.185 45.675 40.695
24 16.268 17.273 19.763 14.783
25 42.199 43.425 45.915 40.935
26 12.958 14.318 16.808 11.828
27 18.388 19.113 21.603 16.623
28 14.149 14.318 16.808 11.828
29 19.111 20.502 22.992 18.012
30 11.004 10.398 12.888 7.908
31 16.412 18.773 21.263 16.283

4.2.4 Model Optimisation

To optimise the developed model, so that minimum surface roughness within the
domain can be achieved, an inbuilt function of MATLAB 2013a called fmincon was used. It
was used to solve the optimization problem formulated below:

Minimize Ragown
Subjected to 0 < ORT < 80;
100 < LT < 300;
50 <PBT <58;
2000 < ES < 3600.
The resulting minimum value of surface roughness and the parameters at which this value

was achieved is shown in the table below:

Table 4.6 Optimum value of Ragwn and associated parameters

Optimum Ragoewn (Microns) ORT LT PBT ES

7.647 29 120 50 3600
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4.3 CHAPTER SUMMARY

To summarise this chapter, it can be said that after analysing the data of surface
roughness (Ra) for upward oriented surface, it was found that surface orientation and layer
thickness were the most significant parameters. Further, part bed temperature and extrusion
speed had no significant discernable effect on the surface roughness. Moreover, a statistical
relationship was developed to predict surface roughness within the domain. The error for the
statistical model has been determined and further the model was also validated. Finally,
optimised parameters were calculated using MATLAB 2013a to predict the minimum
response within the domain.

Additionally, analysis of data collected for surface roughness (Ra) of downward
oriented surfaces was also performed using ANOVA. It was found that surface orientation
and layer thickness are the major parameters that affect surface roughness while other
parameters including extrusion speed has no significant effect on roughness. Also, a
statistical relationship was developed to predict response within the domain. Error was found
out for the model and the model was validated too. Finally, the parameters were optimised to

find the minimum surface roughness within the domain.
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Chapter 5
STATISTICAL MODELING OF SHRINKAGE

The dimensions of parts fabricated using parameters as mentioned in Table 3.4 were
carefully measured using a digital Vernier caliper. Three readings were taken, each along the
length, breadth and height of every part and their average values were noted down to be used
as the final data. Based on this data, separate statistical models for length, breadth and height
of the parts were developed. The development of these model and the results interpreted from

them is discussed in the paragraphs that follow.

5.1 ALONG THE LENGTH
5.1.1 Statistical Modeling

The parameters whose effects are studied on the shrinkage of parts are orientation, layer
thickness, raster angle, part bed temperature and length of the part. It is to be noted that the
orientation of parts in this case is different from that of surface roughness since it is measured
on the horizontal plane and with respect to x-axis. Now, to study the effect of these different
parameters, ANOVA was performed at 95% confidence level to determine the significant
terms. Using these significant terms, regression was done to establish their correlation with
the response i.e. deviations in length of parts. The relationship hence obtained is shown
below:

AL = - (1.43) — (0.002162 x ORT) — (0.00492 x LT) — (0.003921 x RA) + (0.0736 x PBT)

+ (0.001409 x L) — (0.000826 x PBT?) — (0.000008 x L?) + (0.000009 x ORT x LT)

+ (0.000026 x ORT x RA) + (0.000024 x ORT x L) + (0.000007 x LT x RA)

+(0.000081 x LT x PBT) + (0.000024 x RA x L) (5.1)
Here, AL denotes the shrinkage along length in mm. In order to check the fitness of this
developed model, ANOVA was performed and its lack-of-fit was observed. This is essential
as it directly indicates whether or not the model fits the data. The results of ANOVA test are
shown in table 5.1. The p-value for lack-of-fit is 0.136 which means that it is not significant.
This shows that the developed model is a good fit for the data. And to determine the quality
of this developed model, table 5.2 as shown below is helpful.
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Table 5.1 ANOVA table for model of shrinkage along length

Degree
Source of Sumof | Mean k- P- S | R? Remarks
Squares | Squares | Value | Value
Freedom
Regression | 13 | 0.04785 | 0.00368 | 54.35 | 0.000 Fos 1318 = 2.31
F>Fos513.18;
Model is
Error 18 0.00121 | 0.00006 adequate
.008 | .9752
LaCk";fi; 13 |0.00106 | 0.00008 | 2.74 | 0.136 Fosss = 4.66
F <Fos5135;
Pure Lack of fitis
Error 5 0.00015 | 0.00003 insignificant

The S value indicates that there is a mean deviation of about 0.008 mm between the actual
values and those as obtained from the model. This value is relatively quite low and this shows
that all the data points lie very close to the developed model. The other indicator i.e. R? value
is 97.52 % which means that only about 2.5% variation in the data is left unexplained by the
model. This higher value of R? shows strong correlation between the response and

parameters.

5.1.2 Results and Discussion

To understand the extent of effect of individual significant parameters on the response
and the percentage error in the model, a pie chart has been constructed below using data from
the ANOVA of the regression model. The pie chart below (Figure 5.1) clearly depicts that the
contribution of length far outweighs other factors. It is also intuitive that length of the
component would play an important role in shrinkage along it. The second major factor is
orientation of the part. As the orientation on x-axis changes, the shrinkage along length is
also changing. And the other factors too play significant roles but have smaller contributions
towards the response. Their combined effect accounts for 24.13% contribution. Another thing
to be noticed is that, there is a very small percentage of error in the model, 2.48 % to be

precise, which in a way confirms the adequacy of the model.
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Figure 5.1: Contribution of individual parameters to shrinkage along length

Now, to understand how the change of variables of the experiment, or parameters, is
affecting the response, it is helpful to observe Figure 5.2. It can be seen that, as orientation
increases from 0° along the x-axis, the shrinkage also increases. This might be because the
change of orientation changes the angle of deposition of material in the layer. At 0° the
material is deposited parallel along the length which might help in preventing shrinkage and
thus has minimum shrinkage. Next parameter is layer thickness, which shows an inverse
relationship with shrinkage. But it should also be noticed that the maximum mean is around
0.13 mm for layer thickness of 100 microns while the minimum is around 0.10 mm for layer
thickness of 300 microns. The difference between the means in the domain is not too high
and thus it is also possible that it does not has a major effect on the shrinkage. This is also
supported from the pie chart of Figure 5.1, in which it could be observed that layer thickness
accounts only for 1.43% contribution towards the response. A bit similarly, with variations in
raster angle and part bed temperature, the shrinkage seems to oscillate about the mean
indicating being indifferent to the changes. At last, but definitely not the least, length of the
part shows a direct, almost linear, relationship with shrinkage. Increasing the length

proportionally increases the shrinkage along it.
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To construct all the surface plots from Figure 5.3 to 5.8, MATLAB 2013a was used. It should
be noticed that for thinner layer and smaller parts, orientation has very less effect on the
shrinkage along length; while for thicker layers and larger parts, shrinkage increases with
increase in orientation (Figure 5.3 and 5.5). Changing raster angle from -45° to +45° brings
down the shrinkage for thinner layers and lower orientation (Figure 5.4 and 5.6). But for
thicker layers and higher orientations it slightly increases the dimensional shrinkage. From
Figure 5.7, it could be said that decreasing part bed temperature is better for thicker layers
while for thinner layers, one must increase the part bed temperature. And finally, increasing
the length of the part has a direct positive effect on the shrinkage (Figure 5.8). More

shrinkage along length was observed in longer parts.

5.1.3 Model Confirmation
The model developed above can predict the shrinkage along length of any part
provided the parameters lie within the domain. But in practice, experimental error always

accompanies an experimental process. So it is useful to determine a range within which the
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actual values of an experiment shall lie. The formula used to determine this range is the same

as mentioned in section 4.1.1 and is given as:

8L = tag,p X JVe (5.2)
where, 5L is the range within which the model predicts response. Upon calculation using
data from table 5.1 it turns out to be 0.017 mm which can be approximated to 0.02 mm. Thus
the predicted value from the model shall lie within the range AL £ 0.02 mm. This is also
confirmed within the experiment as illustrated from the table 5.3. It is worth observing in the

table below that all values lie within range as predicted by the model. Even most of the values

lie very close to the predicted value and only a few show deviations to limits of the range.

Table 5.2 Confirmation of model for shrinkage along length

Sample Experimental Statistical Statistical Value + Statistical Value -
Number _Value Vglue (aL) Error (AL + 8L) Error (AL - 5L)
(inmm) (in mm) (in mm) (in mm)
1 0.11 0.11 0.13 0.09
2 0.09 0.10 0.12 0.08
3 0.12 0.11 0.13 0.09
4 0.06 0.06 0.08 0.04
5 0.11 0.11 0.13 0.09
6 0.04 0.03 0.05 0.01
7 0.11 0.10 0.12 0.08
8 0.04 0.06 0.08 0.04
9 0.17 0.17 0.19 0.15
10 0.11 0.10 0.12 0.08
11 0.08 0.08 0.10 0.06
12 0.10 0.10 0.12 0.08
13 0.06 0.06 0.08 0.04
14 0.09 0.09 0.11 0.07
15 0.10 0.11 0.13 0.09
16 0.12 0.11 0.13 0.09
17 0.09 0.08 0.10 0.06
18 0.16 0.15 0.17 0.13
19 0.09 0.10 0.12 0.08
20 0.10 0.09 0.11 0.07
21 0.12 0.11 0.13 0.09
22 0.14 0.14 0.16 0.12
23 0.04 0.04 0.06 0.02
24 0.10 0.12 0.14 0.10
25 0.11 0.11 0.13 0.09
26 0.11 0.11 0.13 0.09
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27 0.17 0.19 0.21 0.17
28 0.22 0.21 0.23 0.19
29 0.15 0.15 0.17 0.13
30 0.12 0.11 0.13 0.09
31 0.14 0.15 0.17 0.13
32 0.15 0.13 0.15 0.11

5.1.4 Model Optimisation
To locate the optimum response within the domain, the developed statistical model

can be utilized. It leads to the following problem formulation:
Minimize AL
Subjected to 0 < ORT < 90;

100 < LT < 300;

-45 <RA <45;

50 <PBT < 58;

10<L <90.
This was done by using the inbuilt function fmincon of MATLAB 2013a. The solution
provides the minimum shrinkage along length with associated parameters and is shown in the

table below:

Table 5.3 Optimum value of AL and associated parameters

AL (inmm) | ORT | LT RA | PBT L

0.00000204 0 220 27 56 26

5.2 ALONG THE BREADTH
5.2.1 Statistical Modeling

Similar to previous section, the deviations along the breadth of the samples was first
measured and this data was analysed at 95% confidence level. Then an equation was
formulated by regression which established the relationship between response and the

parameters. The developed equation is shown below:

4B = 5.592 + (0.00581 x ORT) — (0.003217 x LT) — (0.00878 x RA) — (0.1967 x PBT)
+ (0.000250 x L) — (0.000006 x RA?) + (0.001763 x PBT?) + (0.000004 x ORT x LT)
— (0.000111 x ORT x PBT) + (0.000011 x LT x RA) + (0.000050 x LT x PBT)
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+ (0.000111 x RA x PBT) (5.3)
In the above equation AB denotes the shrinkage along breadth in mm. To check the fit of this

model, ANOVA was performed and the result is tabulated below:

Table 5.4 ANOVA table for model of shrinkage along breadth

Degree
Source of Sumof | Mean F- P- S R? Remarks
Squares | Squares | Value | Value
Freedom
Regression 12 | 0.02246 | 0.00187 | 39.43 | 0.000 Fos51210=2.31
F>Fos1219;
Model is
Error 19 | 0.00090 | 0.00004 adequate
L ack-of .006 | .9614
Fac ot~ 14 | 0.00075 | 0.00005 | 1.79 | 0.270 Fos1as= 4.64
It .
F <Fos5.145;
Lack of fit is
Pure Error 5 0.00015 | 0.00003 insignificant

It could be noticed from the above table that the lack-of-fit is insignificant as its p-value is
0.270 which is above 0.05. Also the comparison of F-values shows that the model is adequate
and the lack of fit is insignificant. This confirms that the model fits the data points and is
relevant. And to check how adequate this model is, a summary of the model is shown in the
table below.

The value of S represents the mean deviation between actual data and as predicted by
the model which is about 0.006 mm. This value is comparatively low and thus indicates that
the model closely predicts the value of response. Whereas the higher value of R?, 96.14 %,
indicates strong correlation between the parameters and response. It also means that only
about 4 % of the variation in the data is left unexplained by the model. Therefore, it could be

said that the developed model is statistically adequate.

5.2.2 Results and Discussion

Identical to the model along length, here too same methodology has been adopted to
construct a pie chart for understanding the individual contribution of different factors to the
response. This is shown in the Figure 5.3. It can be seen that for shrinkage along breadth,
layer thickness and orientation play equal roles followed by raster angle. The interaction of
layer thickness with raster angle also has a considerable effect on the response. These
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together account for 78.22% contribution towards the response and the rest is shared between
other factors. The percentage of error in this model is a tad bit more than the previous model
for length, but still quite low at 3.86%.

25.74%
16.04% = ORT
mLT
= RA
PBT
0.64% mL
/_’_//_ B RAXRA
«\\2'58% m PBT X PBT
1.11% WORTXLT
m ORT X PBT
6.75% mLTXRA
25.74%
mLTXPBT
1.71%
mRA X PBT
1.71% = ERROR
10.70%
3.86% 1.71%

1.71%

Figure 5.9 Individual contribution of parameters for shrinkage along breadth

Now to understand the change in response with variations in main parameters, a main

effects plot is shown in the figure below:
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Figure 5.10 Main Effects Plot for Shrinkage along Breadth

It could be observed that as orientation of the part changes from the x-axis, the shrinkage
increases similar to the case for length. But the role of layer thickness here is more
pronounced than for length. Thicker layers tend to minimize shrinkage on account of the fact
that more material is deposited in thicker layers as compared to the thin ones, thus preventing
shrinkage. Raster angle too shows a similar trend when it is varied from -45 to 45 degree.
While the variation of part bed temperature indicates an optimum region around 54 to 56
degree centigrade. Finally, it seems that increasing the length, increases shrinkage but the
difference between the means for maximum and minimum values is only 0.02 mm. Thus it
can be said that it does not have any significant effect. This is also supported by the pie chart

of Figure 5.9 which shows that length has only 2.58% contribution to the response.
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MATLAB 2013a was used to construct all the surface plots from Figure 5.11 to 5.15. From
Figure 5.11 and 5.12, it could be found that increasing orientation of the part increases the
shrinkage along breadth, while change in part bed temperature has very little effect on
shrinkage. Although for higher values of orientation it is advisable to increase the part bed
temperature. Change of raster angle has negligible effect if parts have thicker layers while for
thinner layers, increasing the raster angle reduces shrinkage. Increasing the layer thickness of
the part decreases shrinkage (Figure 5.11, 5.13 and 5.14). And for part bed temperature, it
seems that there exists an optimum minimum approximately centered around 54°C, though

shrinkage increases slightly with decrease in part bed temperature.

5.2.3 Model Confirmation

This model of AB can predict the shrinkage along the breadth of manufactured parts
albeit not exact. There shall always remain an inseparable component of error to the
predictions. Hence it is more practical to associate this prediction with a range within which
the actual experimental value will exist. This range is determined by the error, denoted here

by 6B, and is calculated as below.
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6B = t%,dof X \/Ve (5.4)

Table 5.4 provides the necessary data to calculate this error which comes out to be about
0.014 mm and was approximated to 0.01 mm. This means the actual value of shrinkage along
the breadth of a fabricated part would be in the range AB £ 0.01 mm. The same is confirmed

within the designed experiments as shown below:

Table 5.5 Model confirmation for shrinkage along breadth

Sample Experimental | Statistical | Statistical Value + | Statistical Value —
Number _Value _Value Error_ (AB + 6B) Erroy (AB - 6B)
(in mm) (in mm) (in mm) (in mm)
1 0.05 0.05 0.06 0.04
2 0.02 0.01 0.02 0.00
3 0.06 0.05 0.06 0.04
4 0.02 0.01 0.02 0.00
5 0.05 0.05 0.06 0.04
6 0.04 0.04 0.05 0.03
7 0.03 0.02 0.03 0.01
8 0.03 0.03 0.04 0.02
9 0.06 0.06 0.07 0.05
10 0.09 0.08 0.09 0.07
11 0.02 0.02 0.03 0.01
12 0.08 0.07 0.08 0.06
13 0.04 0.04 0.05 0.03
14 0.01 0.01 0.02 0.00
15 0.04 0.04 0.05 0.03
16 0.02 0.01 0.02 0.00
17 0.05 0.05 0.06 0.04
18 0.09 0.08 0.09 0.07
19 0.11 0.12 0.13 0.11
20 0.04 0.04 0.05 0.03
21 0.06 0.05 0.06 0.04
22 0.07 0.07 0.08 0.06
23 0.02 0.02 0.03 0.01
24 0.07 0.06 0.07 0.05
25 0.08 0.07 0.08 0.06
26 0.05 0.05 0.06 0.04
27 0.07 0.07 0.08 0.06
28 0.07 0.06 0.07 0.05
29 0.09 0.09 0.10 0.08
30 0.06 0.05 0.06 0.04
31 0.09 0.10 0.11 0.09
32 0.09 0.08 0.09 0.07
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The above table holds the validity of the developed model since all the experimental values

lie within the range of predictions.

5.2.4 Model Optimisation
To optimise the developed model, so that minimum shrinkage along breadth, within

the domain, can be achieved, an inbuilt function of MATLAB 2013a called fmincon was
used. It was used to solve the optimization problem formulated below:
Minimize AB
Subjected to 0 < ORT < 90;

100 < LT < 300;

-45 <RA < 45;

50 <PBT <58;

10 <L <90.
The resulting minimum value of change in breadth and the parameters at which this value

was achieved is shown in the table below:

Table 5.6 Optimum value of AB and associated parameters

AB (inmm) | ORT LT RA PBT L
0.00000932 9 160 9 55 82

5.3 ALONG THE HEIGHT
5.3.1 Statistical Modeling

To model the shrinkage along height of fabricated parts, first the deviations from the
actual dimension of the CAD model were measured. Then ANOVA was performed at 95%
confidence level to sort out the significant and insignificant factors. After obtaining the
significant factors, to correlate them with response, regression was done. This resulted in a
statistical model as shown below:

AH = - 0.610 — (0.000653 x ORT) + (0.002238 x LT) — (0.000255 x RA) + (0.00497 x L)
+0.01411 PBT (OC) + (0.000003 x ORT x LT) — (0.000044 x LT x PBT) —
(0.000009 x RA?) — (0.000001 x LT?) — (0.000011 x L?) + (0.000010 x ORT x L)

+ (0.000007 x RA x L) — (0.000078 x PBT x L) (5.5)
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where, AH represents the shrinkage along height in mm. To test the fit of this developed

model, ANOVA was performed and the results are tabulated below:

Table 5.7 ANOVA table for model of shrinkage along height

Degree
Source of Sumof | Mean F- P- S R? Remarks
Squares | Squares | Value | Value
Freedom
Regression 13 | 0.01906 | 0.00146 | 61.94 | 0.000 Fos,1318 = 2.31
F > F051318;
Model is
.004 | 9781
Lack-of-Fit 13 0.00029 | 0.00002 | 0.84 | 0.631 Fos135=4.66
F <Fos135;
Lack of fit is
Pure Error 5 0.00013 | 0.00002 insignificant

The fit of the model can be determined by observing the data for lack-of-fit. As shown
in the table above its p-value is 0.631 which is more than 0.05 and hence insignificant. Also,
the comparison of F-values indicates that the model is adequate and the lack of fit is
insignificant. This implies that the model fits the data.

The S value, which is an indicator of the average deviations of the statistical value
from the experimental value, is 0.0048655, which means the average deviation is only about
0.005 mm. This means the model predicts the response quite precisely. Secondly, the R?
value is 97.81%, which means the model successfully explains more than 97% of the total
variation in the model. This too indicates that the model adequately fits the response.

5.3.2 Results and Discussion

The contributing factors to response for shrinkage along length are shown in Figure
5.16. It is evident from the below pie chart that layer thickness is the key parameter that
affects the shrinkage along length. It alone contributes for about three-fourth of the total
response. The second highest contribution is by orientation of the part while rest of the
factors play significant but smaller roles. Error in the model is lowest of all the three models

at 2.19% which is a good indicator.
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Figure 5.16 Individual contribution of parameters for Shrinkage along Height

Now, to understand the effect of the main parameters on the response, a main effects
plot is given in Figure 5.17. The variation of orientation has the similar trend as the two
previous models. Its increase tends to increase the shrinkage although the effect is much
lesser than what was observed for length and breadth. The next parameter, layer thickness, is
the main factor that is governing the shrinkage in this model. With the increase in layer
thickness, there is a drop in the shrinkage along height. This could be possible because of
higher amount of material deposition in the thicker layers. More material for the same
product would mean a higher density of the finished product and hence lower shrinkage.
Also, it is worth noting that the machine may approximate the number of layers to whole
number for the ease of manufacturing which could have an effect on the overall height of the
product. The variation in rest of the parameters viz. raster angle, part bed temperature and
length do not have much effect on the shrinkage along height. The curve seems to oscillate
near the mean for all three. Though it could be said that for part bed temperature, there seems

to be an optimum in the domain at around 52 degree centigrade.
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The surface plots shown in Figure 5.18 to 5.22 were obtained using MATLAB R2013a.
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Observing Figure 5.18, it can be said that orientation plays a similar role for shrinkage along
height too. Increase in orientation, increases shrinkage. On the opposite, increase in layer



thickness decreases shrinkage. Length of the part has a little role to play in shrinkage along
height but it appears that decreasing the length of the part reduces shrinkage as seen from
Figure 5.19 and 5.21. Figure 5.20 indicates that lower part bed temperature causes more
shrinkage in thicker layers as compared to thinner layers. Change of raster angle has some
interesting effects on shrinkage along height which can be seen in Figure 5.22. A raster angle
of 0° is utmost detrimental to dimensional accuracy and any deviation from it, within the
domain, on either side decreases shrinkage. It is better to use higher positive or negative
values of raster angle to reduce shrinkage along height of a part.

5.3.3 Model Confirmation
The statistical model of AH developed above could be successfully used to predict the
shrinkage in height for any fabricated part with a percentage of error. This error is determined

by the formula given below:

SH = ta o, X JVe (5.6)
Here, §H represents the error in the prediction of the response and is calculated using data
from table 5.7. This value is calculated to be, approximately, 0.01 mm. This to say that the

predicted values will have an error of £0.01 mm. The same is also confirmed within the

designed experiments as shown below:

Table 5.8 Model confirmation for shrinkage along height

Sample Experimental | Statistical | Statistical Value + | Statistical Value —
Value Value Error (AH + 8H) Error (AH - 6H)
Number . . . .
(in mm) (in mm) (in mm) (in mm)

1 0.11 0.11 0.12 0.10

2 0.05 0.06 0.07 0.05

3 0.10 0.11 0.12 0.10

4 0.06 0.07 0.08 0.06

5 0.11 0.11 0.12 0.10

6 0.08 0.09 0.10 0.08

7 0.07 0.06 0.07 0.05

8 0.11 0.11 0.12 0.10

9 0.09 0.10 0.11 0.09

10 0.10 0.11 0.12 0.10

11 0.08 0.09 0.10 0.08

12 0.11 0.12 0.13 0.11

13 0.13 0.13 0.14 0.12

14 0.07 0.08 0.09 0.07

15 0.12 0.12 0.13 0.11
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16 0.09 0.10 0.11 0.09
17 0.08 0.09 0.10 0.08
18 0.12 0.13 0.14 0.12
19 0.11 0.11 0.12 0.10
20 0.08 0.09 0.10 0.08
21 0.10 0.11 0.12 0.10
22 0.09 0.10 0.11 0.09
23 0.08 0.07 0.08 0.06
24 0.08 0.09 0.10 0.08
25 0.13 0.13 0.14 0.12
26 0.11 0.11 0.12 0.10
27 0.13 0.14 0.15 0.13
28 0.09 0.10 0.11 0.09
29 0.13 0.14 0.15 0.13
30 0.11 0.11 0.12 0.10
31 0.10 0.11 0.12 0.10
32 0.14 0.15 0.16 0.14

It could be observed in the above table at all the experimental values lie close to the predicted

values and always in the range. This confirms validity of the model.

5.3.4 Model Optimisation

The developed statistical model can be used to locate the optimum response within
the domain. The purpose here is to minimize shrinkage along height. To achieve this, an

inbuilt function called fmincon of MATLAB 2013a was used. The final optimization problem

can be formulated as below:

Minimize AH

Subjected to 0 < ORT < 90;

The table below shows the solution of the above problem, i.e. the minimum value of AH

along with the value of the parameters at which this value is achieved:

100 < LT < 300;
-45 <RA <45;
50 <PBT < 58;
10 <L <90.

Table 5.9 Optimum value of AH and associated parameters

AH (in mm)

ORT

LT

RA

PBT

L

0.00003

18

300

-36

53

90
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54 CHAPTER SUMMARY

To summarise this chapter, statistical modeling was done for shrinkage along the
length of a fabricated RP product. It was found that part length is the most dominant
parameter followed by part orientation and layer thickness. The effects of raster angle and
part bed temperature were not as significant. Also, a statistical model was developed. Error
was calculated for the model and it was validated too. In the end, optimisation of the
parameters was performed to find the conditions for minimum shrinkage along the length.

Thereafter, the data for shrinkage along breadth of a RP product was analysed using
ANOVA and it was found that part orientation and layer thickness are the most significant
parameters and both have equal contribution towards shrinkage. Effect of other parameters
was small and mostly dependent upon interaction with other parameters. A statistical model
was also developed and validated. In the end, optimisation was performed to find the values
of different parameters at which minimum shrinkage is obtained within the domain.

Finally, data for shrinkage along height of RP products was analysed using ANOVA.
Layer thickness was the most dominant parameter followed by part orientation. Other
parameters do not play a major role in defining shrinkage along the height. A statistical
model too was developed to predict the response. Error was calculated for the model and the
model was validated. Lastly, optimum values of the various parameters were found out to

predict the minimum shrinkage along height.
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Chapter 6
CONCLUSIONS AND SCOPE FOR FUTURE WORK

In this work, dimensional accuracy of parts fabricated by Rapid Prototyping process
was investigated. Two aspects of dimensional accuracy were identified first, namely surface
roughness and dimensional shrinkage. Fused Filament Modeling process was used to
fabricate the parts based on design of experiments using Central Composite Rotatable Design
technique. Different process parameters related to FFM process were selected separately for
surface roughness and shrinkage. For surface roughness the parameters were surface
orientation, layer thickness, part bed temperature and extrusion speed. While for shrinkage,
the process parameters were part orientation, layer thickness, raster angle, part bed
temperature and length of the part. Response was measured for both the aspects and ANOVA
was performed on the collected data. Finally, regression was performed to develop a
statistical model to correlate the response with process parameters. Further, the parameters
were optimised for minimum surface roughness and shrinkage. Validation of the developed
model was done within the experiments at 95% level of confidence. Major conclusions drawn

from the undertaken work is summarised in the following section.

6.1 CONCLUSIONS

6.1.1 For Surface Roughness

The following conclusions can be drawn from the work done in the previous chapters

regarding surface roughness of parts fabricated by RP process:

e For the upward oriented surface, orientation was the most significant parameter that
affected surface roughness. It was found that increasing the orientation of the surface
increased the surface roughness. Layer thickness was the second most effective
parameter. Increasing layer thickness leads to increase in surface roughness for
upward oriented surface. The other factors, viz. part bed temperature and extrusion
speed did not have a major effect on surface roughness. Finally, it is advisable to use
thinner layers for fabricating parts that have large surface orientations for keeping the

surface roughness in check.
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e For the downward oriented surface, orientation of the surface and layer thickness
played the most important roles in defining surface profile of a part. Increasing any of
them leads to increase in surface roughness of the part. Effect of part bed temperature
and extrusion speed within the domain is marginal compared to the other two
parameters. Finally, to reduce the surface roughness, a compromise with build time
has to be done as thinner layers tend to produce better surface quality.

e |t was also found that there is no significant difference between the mean surface

roughness of upward and downward oriented surfaces.

6.1.2 For Shrinkage

With regard to shrinkage of parts, following conclusions could be drawn based on the

work presented in the previous chapters:

e Shrinkage along length is mostly affected by length of the part fabricated. Part
orientation also plays a key role and its increase leads to increase in shrinkage.
Increase in layer thickness tends to reduce the shrinkage of parts. While the effect of
raster angle is dependent on the other associated parameters and there is no uniform
increase or decrease with changes in raster angle. Lastly, the variation of part bed
temperature has no major effect on the shrinkage of the parts although its interactions
with other parameters may be influential.

e The main factors that affect the shrinkage along breadth are part orientation and layer
thickness. Increase in part orientation leads to increase in shrinkage while increase in
layer thickness leads to decrease in shrinkage. Effect of raster angle is similar to as
observed for length. It is dependent upon the interaction of other parameters. Part bed
temperature has also limited effect and the effect is dependent on other associated
parameters. Lastly, length of the part has little role to play in shrinkage along breadth.

e The shrinkage along height of a part is mainly affected by the layer thickness. Thicker
layers are better for reducing shrinkage. Orientation of the part is also important but
not as much. Increase of orientation has a similar effect like for breadth and length i.e.
its increase leads to increase in shrinkage. Raster angle has a peculiar effect on the
shrinkage along height. Any deviation in raster angle from 0° brings down the
shrinkage. Effect of part bed temperature and length of the part are minute for

shrinkage along height.
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6.2 SCOPE FOR FUTURE WORK

e Experiments with larger domain of parameters can performed to better ascertain the
effect of part bed temperature on dimensional accuracy.

e Form and fit analysis could be done using GO and NO-GO gauges.

e The procedure could be repeated on other polymers like Nylon, PET, Polycarbonate,
etc.
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