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Abstract

Fused deposition modelling is one of the most widely used rapid prototyping processes,
considering the relative simplicity, availability, and ease of use. The proliferation of numerous
systems at all possible price ranges led to a more widespread usage recently. A semisolid
polymer such as acrylonitrile butadiene styrene (ABS) is deposited line-by-line, to build three
dimensional objects in layers. Being capable of desk-top manufacturing, the process finds wide
application in a variety of situations, be it making a mould for the rapid production of an
industrial tool or the production of models for preoperative planning of complex cranial

reconstructive surgery.

While these are predominantly prototyping applications, fused deposition modelling is capable
of direct production of end-use parts and believed to be a possible replacement for injection
moulding in specific applications. However, there are shortcomings such as inferior material
attributes, flat layer deposition resulting in poor surface and part qualities, and undesirably
higher number of layers in specific cases leading to high production times, which need to be

resolved before realising the full potential of the process.

Attempts are made in the past by means of varying raster orientations, adaptive flat layer and
even curved layer slicing and deposition schemes to overcome some of the shortcomings with
fused deposition modelling. While stair case effects can be minimised to varying degrees by
adaptive flat layers, mechanical properties are plausibly enhanced by curved layers, due to
continuity in fibres and the possible elimination of inter-layer weaknesses. Further, the

mechanism of material deposition and the mechanics of subsequent consolidation involve time

XXiv



and temperature dependent inter-strand and inter-layer sintering. Overall, the internal meso-

structure is characterised by the partly fused polymer strands and the intertwining air gaps.

Research efforts in different directions, attempting improvements in materials as well as
deposition techniques as evident in the literature, allowed some progress towards betterment.
Although these improvements, especially in slicing algorithms led to significant progress in
FDM processing, the part surface quality and geometric accuracy are still a major concern.
Reducing build time and increasing part surface quality are two factors that contradict each
other. Though proclaimed to be a solution to both, practical implementation of adaptive slicing
has been limited and there is very little understanding of the typical influences of speed and time
of printing on the mechanics of material consolidation and the ensuing meso-structures. Curved
layer slicing on the other hand evolved as a means of improving surface quality and fibre
continuity, but can only be effective in certain regions, close to curved outer surfaces of specific

solid models.

Considering all these aspects, process enhancements are envisioned in fused deposition
modelling, through identification of proper combinations of different slicing and deposition
schemes together with appropriate raster orientations. This forms the basis for the current
research, envisioning better solutions, combining different slicing and deposition strategies,
targeting the most favourable meso-structures in order to achieve the best mechanical and

surface qualities for a given part.

Theoretical and experimental evaluation of the mechanics of adaptive slicing and raster

orientation effects need to be undertaken first, in order to understand the underlying principles

XXV



governing the typical aspects of fused deposition modelling. Development of mathematical
algorithms and practical implementation schemes will follow next, considering different slicing
and deposition strategies, evaluating their abilities both individually and in combinations. Based
on the results, different approaches will be integrated into an overall selection algorithm to
develop the best combination of slicing and raster orientation schemes for processing different

zones of specific components with given print orientations.

The analytical and experimental evaluations on adaptive slicing and the ensued results
established that the inter-road and inter-layer coalescence depends on the filament size as well as
the sintering time allowed for a unit length of deposition. Evidently, a proper adjustment of
filament size, print speed and total time of printing will be essential to realise the true benefits of
adaptive slicing. Raster angle orientation is found to significantly influence the overall
characteristics of materials built layer-by-layer. Practical implementation and experimental
results showed curved layer printing to be effective in improving the surface quality as well as
the part strength as a result of the fibre continuity. Slanting side surfaces and projecting finer
details in specific solid models are sufficiently resolved using adaptive flat and curved layer
slicing. The integrated alternative slicing approaches performed well developing appropriate
slicing schemes in different regions of specific solid models. Overall, different approaches help
overcome different shortcomings of fused deposition modelling, but a combination of several
possible alternatives is usually the best solution for a given part. Due consideration must be
given to the internal mechanics and the resulting meso-structures in order to establish the best
combination of the alternative slicing and deposition schemes available for fused deposition

modelling.
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Chapter 1  Introduction

1.1 From rapid prototyping to additive manufacturing

Traditional manufacturing by means of material removal, also known as subtractive
manufacturing dominated the manufacturing industry for years, in particular with components of
complex shapes. In the past half century, manufacturing techniques of this kind were greatly
improved with the help from Computer Aided Design (CAD) and Computer Aided
Manufacturing (CAM). Computer Numerical Controlled (CNC) machining together with CAD
and CAM approaches formed the basis for the production in most situations requiring for
complex three dimensional shapes. However, subtractive processes are time consuming due to
the repetitive nature of the process, require complex tooling and prove to be expensive, as
material is removed. Also, it becomes increasingly difficult while handling parts with complex
features like undercuts and re-entrant sections. Other manufacturing techniques help to varying
degrees, but for most part are better adopted economically for large runs when mass production
is needed, considering complex tooling requirements, which in turn depend on subtractive

manufacturing.

The global economy and competition drove manufacturers towards rapid product development
and the ever increasing demand to market goods as fast as possible. Two significantly
challenging tasks arose as a result; (1) substantial reduction in product development times and
(2) improvement in flexibility for manufacturing small batch size products and a variety of types

of products [1]. The main bottleneck is often the early design stage, in terms of making



prototypes and testing. Computer-Aided Design and Manufacturing (CAD and CAM), together
with Computer Numerically Controlled (CNC) programming and proper process planning strive
to narrow the gap between conceptual design and mass manufacturing stages with any new
product. However, there were problems still, in terms of achieving rapid creation of 3D
prototypes and functional parts and cost-effective production of patterns and moulds with

complex surfaces [2].

Realising the need for the automatic generation of complex 3D objects in physical reality, Wyn
Kelly Swainson envisioned a photochemical process and an embodiment device design, with
patent numbers 4041476 [3], and 4288861 [4] respectively. In Swainson’s design, as shown in
Fig. 1.1, the medium of the object has two active components, such as thermo-chromic or
photochromic elements. These elements are selectively sensitive to dissimilar parameters of
electromagnetic radiation. Two radiation beams focused on the medium make activation
occurring inside the medium to form a real image element. Then the radiation beams trace the
coordinates on the figure and continue to activate the medium until the object is fully

constructed.

The first commercial implementation of Rapid Prototyping (RP) began through the mid-eighties
with Charles W. Hull bringing forth the Stereolithography apparatus (SLA) technique in 1986,
through the U.S Patent N0.4575330 [5] which marks the beginning of the RP era. The following
decade saw RP gaining further momentum through new technologies emerging such as Fused
Deposition Modelling (FDM), Laminated Object Manufacturing (LOM), Ballistic Particle
Manufacturing (BPM), Three Dimensional Printing (3DP), Selective Laser Sintering (SLS), etc.

Product features, quality, cost, and time to market are important factors for manufacturers to be



competitive. RP systems provided opportunities for reduction in cost and risk, early visualization

of product design, and time conservation.
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Fig. 1.1 Swainson’s photochemical process for 3D construction (Image source: Swainson [3])

The product development time usually depends on how early the designers can visualize the
prototype product during the design process and Rapid Prototyping processes filled this gap
through the layer-by-layer fabrication of three-dimensional physical models directly from
computer-aided design (CAD) models [6]. Virtual designs from CAD or some other animation
Modelling software are transformed into thin, horizontal layers and then stacked together in

physical space, one over the other until the physical model is completed.

During the initial stages, RP technologies were mainly used to produce models and prototype
parts for visualization and at times physical testing of certain products like airfoils in the wind
tunnel. Subsequently, RP systems also played a significant role in the rapid production of

industrial tooling, often referred to as Rapid Tooling (RT); polymer prototypes used as sacrificial
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patterns to produce moulds for investment casting, rapid casting of non-ferrous products using
3D printed moulds are a couple of examples. The purpose of RT is not directly manufacturing
the final functional product, but rapidly developing tools for mass production [7]. However, with
both process and material enhancements, certain RP techniques overcame the initial stages of
infancy and emerged as promising methods for producing functional end-use parts directly from
CAD files. With Fused Deposition Modelling, Selective Laser Sintering and Selective Laser
Melting at the forefront, the scenario gradually changed from Rapid Prototyping and tooling to

Rapid Manufacturing (RM).

Defined as “the manufacture of end-use products using additive manufacturing techniques (solid
imaging)” [8], Rapid Manufacturing allows for the generation of final functional components
and parts direct from geometry files. These final components need to be used for the entire
product life cycle or for defined minimal periods with wearing parts [9]. RM may involve
production of custom or replacement parts in short run or series production scenarios; the
common benefit in all these cases is being able to produce parts direct from digital data. Further,
RM eliminates the need for complex tooling, thus enhancing the flexibility and freedom of
manufacturing, apart from further advantages in speed and cost, compared to traditional

approaches like injection molding or die casting.

While the evolution of rapid prototyping into rapid tooling and then into rapid manufacturing
continued, there has been an increased commercial use of the technologies and in 2009, the
ASTM F-42 committee announced Additive Manufacturing (AM) as a common term to describe

all these processes [10]. According to their first standard, additive manufacturing is defined as:



“The process of joining materials to make objects from 3D model data, usually layer upon layer,

as opposed to subtractive manufacturing technologies.”

Additive manufacturing encompasses all technologies that allow Rapid Prototyping (RP), Rapid
Tooling (RT), Rapid Manufacturing (RM), and production customizations. The past three
decades saw the development of additive manufacturing from simple 3D printers used for rapid
prototyping in non-functional resin to sophisticated rapid manufacturing of end-use products
without any complex tooling and other intermediate processes. Apart from all the benefits
associated with RP, RT, and RM, additive manufacturing also has lesser environmental impact

and other potential benefits as follows over conventional manufacturing [11]:

o Efficient use of raw materials/feedstock. When machining a part in conventional cutting
material, up to 80-90 percent of the material becomes scrap. By using additive
manufacturing process, the scrap rate can be reduced to 10 percent or less.

e Reduction in the use of energy-inefficient processes.

e Reduced need for fixed asset tooling. Additive manufacturing processes are more
adaptive and require fewer pieces of specialty capital equipment.

e Lighter parts. Bulky and complex structures can be reduced. Concomitant transportation
and fuel efficiencies can be improved.

e More efficient heating or cooling channels, fluid paths, and other internal features that
are not producible using conventional techniques.

e Potential for more localized production. Products can be downloaded and manufacturing

locally, supplanting long distance transport and associated fuel.



e Inventory and warehousing can be reduced. Additive manufacturing process makes on-
demand manufacturing possible.
e Consolidation of many parts into one. Additive manufacturing processes reduce tooling

and manufacturing, part numbers, assembly, certification paper work, and maintenance.

Eventually, Additive Manufacturing has emerged from its early days as a prototyping process
into a set of advanced processes that are becoming increasingly accessible to businesses,
government organisations, and individual consumers. Although the industry has grown
significantly in recent years, opportunities remain for advancing the state of additive

manufacturing and furthering its economic, educational, and environmental benefits.

1.2 Additive manufacturing; processes and limitations

There are about half a dozen technologies that saw commercial viability and qualify with varying
degrees for additive manufacturing. The most important ones are reviewed here, before

converging on the process to be investigated further as part of this work.

Stereolithography Apparatus (SLA)

Introduced by Charles W. Hull and then commercialized by 3D System, Inc., Stereo-lithography
uses a programmed beam of ultraviolet (UV) light directly focused on a photo-curable liquid to
solidify a thin layer of solid out of the liquid. The spot on the surface moves along with the
movable UV light source to form a solid cross-section of the object. Then, the object moves
down from the liquid surface by the thickness of one layer, and the next section is formed

adhered to the previous layer. This process is continued until the entire object is formed. A
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newer version of the SLA process called micro stereo-lithography is developed with a higher
resolution allowing for layers of thickness less than 10pm to be achieved [12]. Fig. 1.2 shows the

basic schematic of the SLA process.
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Fig. 1.2 Schematic of the SLA Process (Image source: Wikipedia [13])

Fused Deposition Modelling (FDM)

S. Scott Crump invented an apparatus using a movable dispensing head with a supply of material
which solidifies at a predetermined temperature to form a three-dimensional object [14] (United
States Patent Number 5121329), which became known as Fused Deposition Modelling (FDM).
In this apparatus, the material is heated to be in a fluid or half molten state in the dispensing
head. Heating temperature is set to be 1°C higher than the solidification temperature. The
material in the fluid state is flown out at a rate controlled by a computer. Then the material

adheres onto a substrate or base in the form of a thin layer. The base rests on a movable



horizontal work platform. The work platform is controlled by a computer to form the cross-
section of the shape. Once the cross-section is done, the Z axis lifts the dispensing head up to the
next level and continues the deposition. The entire process continues until the 3D object is
formed. Compared to SLA, this method allows for various materials, including waxes,
thermoplastic resins, and metals in specific forms to be used to print three-dimensional shapes.
Fig. 1.3 shows the basic schematic of the FDM process and a more detailed discussion of this

will be presented later.

-+

Fig. 1.3 Schematic of the FDM Process (Image source: Wikipedia [15])

Selective Laser Sintering (SLS)

Carl R. Deckard developed and patented the Selective Laser Sintering (SLS) process in 1989
[16]. In this process, a laser control system directs the laser beam and modulates the laser to
selectively sinter a layer of the powder dispensed into the target area. The control system
operates to selectively sinter only the powder disposed within defined boundaries to produce the

desired layer of the part. Once a layer is done, the work platform lowers by one layer thickness.



A new layer of powder is spread on top of the previous layer and the sintering process
coalescence powder particles within a layer and between successive layers. The process is
repeated until the required part is built and Fig. 1.4 shows the basic schematic of the SLS

process.
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Fig. 1.4 Schematic of the SLS Process (Image source: Wikipedia [17])

Selective Laser Melting (SLM)

Markus Lindemann and Daniel Graf of Germany envisioned the Selective Laser Melting (SLM)
process and patented it in Germany, and later developed a SLM system in 2002 based on the US
Patent Number 7047098 [18]. In this process, a layer of powder is applied to a leveling device
from a reservoir. A focused laser beam is used to melt the powder which further solidifies on the
substrate or the previous layer to form the shape of the current layer. The energy of the laser
beam is used to completely melt the powder over the entire layer thickness at the point of the

incidence. The laser beam is guided over the predetermined area of the powder layer in a



plurality of tracks and successive laser tracks overlap the preceding tracks. At the same time, a
shielding gas atmosphere is maintained above the zone of interaction between the laser and the
metallic powder in order to avoid defects caused by oxidation. Further, like in other processes,
the powder bed is lowered by a layer thickness, a new layer of powder is dispersed on the bed
and the process is repeated until the 3D part is completely sintered. The schematic of SLM is
similar to that of SLS, but, SLS usually melts powder particles only partially, while SLM is
based on full melting, with the resulting internal structures more even and the inter-particle

bonds stronger.

Electron Beam Melting (EBM)

Ralf Larson introduced the Electron Beam Melting (EBM) system, for cost-effective and quick
manufacturing of models, prototypes or finished products, and patented it in 1998 [19] which
was eventually commercialized by Arcam AB Limited in Sweden. This system includes an
energy producing device, which comprises of at least one electrode, forming one of the poles in a
circuit. The other pole is constituted of the said medium, which is electrically conducting or semi
conducting when connected to the voltage source. Energy waves are formed between the
electrode and the medium in the form of electric arc or heat, the physical characteristics of
particles in the selected area are changed and the powder particles are connected together as a
result of the energy waves. The EBM process operates at elevated temperatures, typically
between 700 and 1000 <C, producing parts that are virtually free from residual stresses, and
eliminating the need for heat treatment after the build. Compared to SLM, EBM generally has a
superior build rate because of its higher energy density and scanning method. Fig. 1.5 presets the

basic schematic of the EBM process.
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Fig. 1.5 Schematic of the EBM Process (Image source: EE Times [20])

Laser Engineered Net Shaping (LENS)

Jeantette et al. [21] from Sandia National Laboratories developed the method and a system for
producing objects of complex shapes by means of Laser Engineered Net-Shaping (LENS). Later,
a more realistic system [22] was developed from the same laboratory to fabricate complex three-
dimensional shapes, which are ready or nearly ready for use. The LENS system, also known as
3D laser cladding system, includes unique components to ensure uniform and continuous flow of
powdered materials. A laser beam strikes a growth surface to form a molten puddle or pool. Feed
powder is injected into the molten puddle from a converging flow and a portion of the feed
powder becomes incorporated into the molten puddle and forces some of the puddle contents to
freeze on the growth surface in order to add the layer of material. The control unit ensures that

the molten powdered materials can form complex, three-dimensional, near net-shaped objects.
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Compared to other additive manufacturing processes, LENS can produce components with
material densities varying from 90% of theoretical to fully dense, as well as a variety of
controlled physical properties. Furthermore, two or more different materials can be composited
and the components can be transitioned from one material to another. Fig. 1.6 shows the basic

schematic of LENS.
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Fig. 1.6 Schematic of the LENS or 3D Laser Cladding Process (Image source: Wikipedia [23])

Ink-Jet Printing (1JP)

Hanan Gothait developed a 3-D printing system by using at least one row of ink-jet nozzles for
ejecting interface materials [24] which was later commercialized by Objet Geometries Ltd. As
depicted in Fig. 1.7, the system includes a print head having a plurality of nozzles, a dispenser
connected to the print head for selectively dispensing interface materials in layers and a curing
means for optionally curing each of the layers deposited. The depth of each deposited layer is
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controlled by selectively adjusting the output from each of the nozzles. US patents numbered
7231275 [25] and 7467837 [26] were issued to the Australian inventor Kia Silverbrook for a
three-dimensional object printing system. Inspired by the existing inkjet printer, which is able to
print images in the form of pixels, the concept of printing a three-dimensional object by printing
in voxels was conceived in this design. A group of print heads were put together to become a
group-head; each print head prints an individual substrate; or in other words, multiple substrates
could be printed at the same time. The print material is similar to the one on the ordinary inkjet
printer and ejects in the form of droplets. According to the information mentioned in the patents,
multi materials could be used and multi layer thicknesses could be coped within the scope of this

design.
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Fig. 1.7 Schematic of the Ink-Jet Printing Process (Image source: CustomPartNet [27])
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1.3 Fused Deposition Modelling (FDM)

The most significant of the additive manufacturing technologies are briefly reviewed above, and
since fused deposition modelling is the focus of the current research, further attention is paid to
this technology in this section. Fused Deposition Modelling (FDM) is based on the extrusion of
a softened material and subsequent printing on a substrate within a three axes CNC system. Like
any other additive manufacturing process, FDM also mostly utilizes the triangulated CAD (.stl)
data as its input and works on a layer-by-layer principle. Inside a temperature-controlled
chamber, a polymer or other suitable material in the form of a filament is unwound from a coil
and fed to an extrusion nozzle which is capable of X- and Y- motions. A heating element
provides the energy for softening the feed filament and the semi-solid material is pushed through
a fine nozzle to be printed on a platform. The work table is usually provided with the Z-motion
to control the layer thickness and a programmatically controlled deposition path pattern finally
allows complex 3D shapes to be printed. The setup of an FDM system and associated essential

components are depicted in Fig. 1.8.

The extrusion head with the narrow orifice is at the heart of the FDM system. The nozzle head is
a movable unit in both horizontal (X and Y) axis directions, by means of a numerical control
system embedded in the FDM machine, whereas the worktable usually provides motion in the
vertical direction (Z direction).The schematic [28] of components in the extrusion head is shown
in Fig. 1.9. It consists of drive blocks, a heating chamber and a nozzle tip. The drive blocks feed
the raw material, and consist of two wheels mounted at the back of the head. They are controlled
by a computer and are capable of loading and unloading the filament precisely. The heating

chamber is a tube wrapped with a heating element and bent at 90°. It is used to change the
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filament flow from the horizontal to the vertically downward direction and also serves as the
melting chamber for the material, which is the main function. The tip is externally threaded and
screwed into the heating chamber outlet and reduces the diameter of the extruded filament

diameter which will eventually control both surface and part qualities.
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Fig. 1.8 FDM process in detail (Image source: CustomPartNet [29])
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Fig. 1.9 Schematic of the Extrusion Head (Image source: Cooper [28])

FDM is commonly used for Modelling, prototyping, and production applications and according
to Stratasys, the commercial provider of the technology, typical applications fall into four

categories [30]

e Concept Models
FDM can effectively evaluate, optimize and communicate the prototype design, mostly
used in early stages of product development. FDM models reduce costs and shorten the

development timelines.

e Functional Prototypes
FDM plays an important role in testing as the product’s design evolves from concept to
functional prototype. FDM functional prototypes allow to be tested in real-world

environment and help decision making.
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e End-use Parts
FDM can produce end-use parts tough enough for integration into the final product

without the expense and lead time of traditional tooling or machining.

e Manufacturing Tools
FDM can produce manufacturing tools such as jigs and fixtures, tooling master and

production tooling in hours.

In real world commercial applications, technicians from Bell Helicopter used the Fortus FDM
system to build tough polycarbonate wiring conduits for the experimental tail-wiring upgrade of
the heavy-lift “tilt-rotor” Osprey hybrid aircraft. FDM Parts, such as flame-retardant vents and
housing, camera mounts, large pod doors, and many custom fixtures, are used on National
Aeronautics and Space Administration (NASA) next generation rover for space exploration. To
improve productivity, worker comfort, ease-of-use, and process repeatability, BMW uses FDM
to enhance the ergonomics of its hand-held assembly devices. The freedom of design allows
engineers to create configurations that improve handling, reduce weight, and improve balance.
Automobili Lamborghini S.p.A. made extensive use of FDM to make functional prototypes for
the newly designed seven-speed transmission for the Aventador that offers 50 milli-second shift
times, the fastest on any production vehicle. There are further examples of FDM applications,
and in particular, it has a significant role to play in bio-medical applications, considering the

developments in bio-materials and bio-polymer composites.

While offering these benefits together with a wide range of applications mentioned, there are

also specific shortcomings associated with processing by FDM. An early evaluation by Weeren
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et al. [31] allowed identification of hardware, software and build strategy limitations as typical
sources of defects in FDM parts. Part defects can be classified into two categories; surface and
internal defects. Most of the surface defects are primarily due to the inherent nature of layer-by-
layer manufacturing. However, the internal defects are mostly due to the limitations of FDM
systems and processing strategies and mainly occur in systematic and repeatable manners in the
parts. Agarwala et al. [32] identified several internal defects specific to FDM, and a detailed
discussion of the nature, causes, and possible solutions will be presented as part of the literature

review in Chapter 2.

Further, FDM also suffers from limited materials options, although most thermoplastic polymers,
certain polymer composites and biopolymers are candidate materials. Ceramic and metal
mixtures in feed filament forms are also researched for FDM, but not to be commonly available
for commercial use. In FDM processing, the temperature of the heating chamber normally
reaches up to 400°C to 500°C depending on the materials used, while the envelope temperature
in the print chamber is kept at around 100°C. Polymeric materials might shrink after exiting the
extrusion nozzle due to the relatively larger temperature gradients, especially with materials
having higher shrinkage rates, such as polyethylene. In injection molding, the moulds are locked
after injection and the entire part cools down at the same time. Compared to that, the FDM part
cools down layer by layer during the deposition, and in spite of the envelope temperature, there
is thermal variation and differential cooling rates from one layer to the other. This might result in
unpredictable internal stresses between layers. These conditions result in restrictions on size; and
uneven shrinkage, warping and associated problems are likely to arise as shown in the example

in Fig. 1.10, with relatively larger parts. Also, some materials with higher thermal conductivities
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such as polypropylene might solidify straight after extruding from the nozzle, without allowing
for any inter-road or inter-layer coalescence. While these shortcomings exist, there is research
being conducted into the mechanics of material consolidation as well as alternative means of

overcoming some of these problems.

Fig. 1.10 Warping due to thermal variations

1.4 Mechanism of material consolidation in FDM and possible means of

process enhancements

In Fused Deposition Modelling (FDM), the heated plastic filament is extruded through a nozzle
and deposited on a base as closely spaced strands or roads within each layer, while successive
layers are stacked one over the other to build the 3D form. The thermal energy associated with
the semi-molten material drives the inter-road bonding and as the material is deposited, it bonds
with the surrounding material, cools and solidifies [33]. The resulting parts are orthotropic
composites of partially bonded polymer filaments and voids. Two successive roads are bound by
a sintering process, the first step of which is the establishment of interfacial molecular contact by

wetting, followed by molecular motions toward preferred configurations to achieve the
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absorptive equilibrium. Molecules either diffuse or form chemical bonds across the interface and
randomisation can only be achieved through extensive inter-diffusion of chain segments under
critical conditions. While the size of the neck formed due to the inter-strand sintering indicates
the quality of the bonding, it was shown that the neck growth is negligible below 200°C, and

temperatures above 240°C result in degradation when working with ABS filaments.

Based on the Newtonian polymer sintering model, together with a heat transfer analysis, it was
shown that most sintering occurs within seconds following the extrusion of the polymer onto the
substrate, the rate and level of wetting being highly dependent on extrusion and envelop
temperatures, and convection conditions. As the filaments are not maintained at above glass
transition temperature for long, the bond strengths are insufficient and the part characteristics are
inferior. While the major controlling factor for the mechanical properties is the meso-structure,
which can be controlled by the adjustable fabrication parameters, the molecular orientation is
also significant and can be affected by the extrusion process [34-36]. Elastic moduli values 11 to
37 per cent lower and strength values 22 to 57 percent lower than the ABS monofilament were
noted. While similar observations were also made in comparison with injection moulded
counterparts, the build style and road structure were noted to have significant influences on the

final part characteristics [35, 36].

Evidently, the mechanical properties of FDM prototypes are governed by the mesostructures,
which in turn get affected by manufacturing parameters including width of the filaments, layer
thickness, deposition orientation, speed and time of deposition and air gaps. Apart from the

porous internal materials structure, the external surfaces are affected by stair-step effects
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resulting from the stacking of flat layers and the part orientation. The faceted stereolithography
format (.stl) model is sliced with horizontal planes, and the contour of each layer is generated.
The FDM deposition head traces the slicing pattern and builds the physical part in thin layers,
which exhibit the “stair-step” effect. This becomes more obvious on curved surfaces and
particularly when using thicker layers. In some specific cases, for example, thin shell
components, discontinuous filaments deteriorate the anisotropy phenomenon, which causes part

failure as shown in Fig. 1.11 [37].

Fig 1.11 Failure modes of the specimens: (a) FDM-axial (b) FDM-transverse (c) 3D printer-axial (d) Nano

composite deposition system (NCDS)-axial (Image source: Lee et al.[37])

Internal defects such as sub-perimeter voids have been successfully eliminated by multiple
techniques and one of these solutions is now being commercially used in FDM systems. Inter-
road defects can be either minimized or completely eliminated in some instances through process
control resulting in optimization of feed filament quality, build environment temperature, etc.
Complete elimination of inter-road defects due to extremely long vector lengths requires more
robust solutions. One of these solutions by means of providing a negative gap between adjacent

roads as a function of vector length has been successfully used in the fabrication of simple
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ceramic shapes. Most of the other internal defects such as core voids can be simply avoided by

selection of appropriate build strategies and conditions based on the FDM systems.

Further to slicing a CAD model, deposition path data is generated for the print head to follow
while printing each successive layer. Referred to as the raster paths, these are usually parallel
lines, aligned in each plane at a particular angle, the raster orientation. It was established clearly
that raster orientation would have significant influences on the final mechanical characteristics of
FDM parts. Theoretical investigations based on lamination theories also indicate the same, as the

strand structure and the consequent meso-structure are dependent on the raster orientation.

Surface defects arise mainly due to the current limitations in the state of Solid Freeform
Fabrication SFF technologies (stair-step formation and chordal approximation) or poor
optimization of the build parameters in the FDM control software for a given material (start/stop
errors). Post-processing methods come to some sort of assistance, but are undesirable,
considering additional costs and time. Further, the process variations also result in variations in
meso-structures, which will eventually influence the final part characteristics. Apart from these,
the external shape of the part will require special considerations, particularly when finer details
or curved outer profiles are involved. Very fine layers can overcome some of these problems to
some extent but at the cost of increased production times. Adaptive slicing, characterized by
layers of varying thicknesses evolved as a possible means of overcoming some of these external

problems.

A fairly recent development is modelling material deposition using curved layers, in particular
with parts having light-curved surfaces. While the stair case effect can be significantly

minimized, mechanical properties will also be enhanced due to fibre continuity and the
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elimination of the inherent inter-lamellar weaknesses. However, this needs a completely
different approach to the handling of the CAD model, and the slicing and deposition processes.
A couple of curved layer solutions already exist and analytical observations are indicative of
promising results especially in terms of better surface quality as well as internal fibre structures

in specific cases.

1.5 Research proposal

Considering the numerous advantages of Additive Manufacturing in general, and the specific
attributes of FDM in particular in terms of being suitable for a variety of materials, it becomes an
important process and perhaps an economical alternative to injection moulding in certain cases
when small to medium scale production is essential. Also, considering the abilities to process
biopolymers and biopolymer composites, and with gradual improvements in materials
characteristics, FDM is also likely to play a key role in future applications of additive
manufacturing in biomedical fields, for tissue engineering and fabrication of patient-specific
implants. However, there are certain shortcomings associated with the process, which require
significant research attention, and development and implementation of novel processing

strategies before completely realising the full potential of FDM.

Raster angle orientation is a predominant factor controlling the FDM part characteristics.
Theoretical evaluation of raster orientation effects was already attempted, but a more
consolidated understanding is necessary in order to be able to clearly establish the true role of

raster orientations in FDM. Similarly, adaptive slicing was introduced earlier as a means of
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overcoming the stair-case effects and missing finer part details. However, considering the
practical limitations of driving a semi-solid material from a nozzle to be printed into 3D forms, it
is very difficult to sharply vary filament sizes to accommodate adaptive slicing. Consequently,
filament size variations are associated with variations in print speeds as well as the total time of
printing for a given part. None of the existing models actually considers all these aspects
together and it is essential that the true influences of adaptive slicing together with the time and

speed of printing to be theoretically modelled and experimentally validated.

Curved layer slicing was envisioned mainly as to overcome the stair-step effects and also to
improve the part strength through better fibre continuity. However, existing solutions are quite
cumbersome and not very practical. Better curved layer slicing algorithms together with
improved practical implementation schemes need to be developed in order to further ascertain
the true benefits. In addition, uniform flat layer, adaptive flat layer and curved layer slicing are
all attempted so far only individually, and in fact, for a given part, it may be readily visualised
that the best printing scheme would require a smart combination of all these methods. It will also
be essential to consider further enhancements such as adaptive curved layer slicing together with
varying raster orientation aspects. Once the individual aspects are thoroughly understood, an
overall slicing algorithm needs to be developed that chooses the best combinations of slicing
strategies for different regions, together with the optimum raster plans for individual or groups of

layers for a given part with a selected print orientation.

The current research is focussed in this direction, targeting mathematical and practical solutions

for different deposition schemes and then testing the effectiveness of them both individually and
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in combinations and finally integrating successful schemes into an overall selection algorithm
that produces the best combination of the deposition schemes for processing different zones of a
given component for a given orientation. The overarching hypothesis is that each part requires a
suitable combination of different slicing and deposition schemes with appropriate raster
orientations to be able to achieve the best internal material structure and consequent mechanical

characteristics for a given print orientation.

A proof of this premise involves answering several questions surrounding the mechanics of
raster orientations, adaptive and curved layer slicing and responses to specific combinations of
different strategies. The material used for printing will have significant effects on all these
aspects and could become an important experimental factor, but considering the overall volume
of the work, the current research is confined to the normal ABS polymer in filament form as
used commonly for FDM. Chapter 2 presents a detailed literature review on all significant
aspects leading to a clear identification of the research gaps and questions, while the following

are the main objectives of the current research:

e Evaluation of the raster mechanics in fused deposition modelling

e Evaluation of the mechanics of adaptive slicing with print speed and time interactions
duly considered

e Evaluation and further improvement of the curved layer slicing algorithms, practical
implementation and assessment of the true significance

e Evaluation of existing adaptive slicing schemes and implementation of one of them with

possible enhancements and correlation of the true effects with experimental results.
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e Consolidating influences of raster orientation, flat, curved and adaptive slicing schemes
and development of an algorithm to selectively implement the most suitable

combinations for specific solid models with given print orientations.

Experimental evaluation of the role of raster orientation and theoretical models developed to
evaluate the mechanics of raster orientations are presented in Chapter 3. Analytical models
capturing the effects of adaptive slicing on mechanical properties together with print speed and
time variations are developed and presented in Chapter 4, with experimental verification and
validation within certain ranges of process parameters, as possible with the test facilities
developed. Chapter 5 presents a review of the existing curved layer slicing models and improved
algorithms developed as part of the current research. Practical implementation of the curved
layer scheme using a selected test piece of light-curved shape and evaluation of the true
significance of curved layer printing are also included. Chapter 6 includes mathematical
algorithms and implementations in CAD models of combinations of approaches such as adaptive
curved layer slicing, curved layer slicing with varying raster orientations, and mixed mode
slicing combining uniform and adaptive flat and curved layer slicing together. A couple of
typical case studies are considered eventually to evaluate the effectiveness of the mixed-mode

slicing algorithms developed.
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Chapter 2 Literature review, research gaps, questions

and objectives

2.1 Background

Fused Deposition Modelling is an Additive Manufacturing process potentially capable of
substituting for the costly and time consuming injection moulding methods, in certain
applications, requiring one-off or small to medium scale production. Evidently, the process also
has a significant role to play in biomedical applications. In spite of all this, and additional
benefits arising out of the very nature of material consolidation in additive manufacturing,
through line-by-line addition of the constituent material, the application of FDM is still limited

considering limited materials options and typical shortcomings associated with the process.

Inferior surface qualities resulting from stair-step effects, insufficient mechanical properties due
to internal meso-structures resulting from the stacking up of solidified strands with incomplete
inter-road and inter-layer coalescence are by far the most intriguing aspects. This research
proposes to evaluate methods attempted earlier, investigate plausible means of improvements,
and integrate potential solutions in combinations in order to be able to improve overall part
quality through better meso-structures. Existing literature and other sources of relevant
background information are reviewed in this chapter to identify the research gaps and formulate

the hypothesis and research questions.
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2.2 Literature review

2.2.1 Fused Deposition Modelling; limitations and process evaluation

In fused deposition process, the feed material undergoes phase transitions twice [38]. This
subjects the material to very complex thermal and flow boundary conditions that continually
affect and change its thermo-fluidic states dynamically. The first step is the conversion of the
material into the form of a filament and stocking it wound on a spool. Then the filament is
mechanically pushed into the liquefier where it melts with the heat generated by the heating
element. The molten material, subjected to the pressure applied by the incoming filament, is
consequently extruded through the nozzle. Because of the adhesion of the material to the walls,
the velocity field of the molten plastic has a parabolic profile. When the molten plastic reaches
the nozzle, the velocity distribution has a large gradient in the radial direction due to the small
area of the orifice. At the exit of the nozzle, the molten flow quickly assumes the conditions
typical of a plug flow, causing a radial expansion of the melt due to the sudden absence of the
lateral forces, often referred to as the swelling phenomenon. The second phase transition takes
place when the extruded molten plastic touches the platform or the previous layer and quickly
solidifies according to the temperature and the thermal properties of the substrate. Due to
different thermal boundary conditions, the evolution of roads in the first layer is different from
that of the successive layers. In summary, Bellini [38] consolidated this process into five specific
stages; (1) Melt flow in the liquefier, (2) Extrusion through the nozzle, (3) Free extrusion and
swelling of the melt at the exit of the nozzle, (4) Evolution of the road in the first deposited

layer, and (5) Evolution of the road in the successively deposited layers.
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One of the early research concerns with FDM was the inherent nature of material consolidation
giving rise to plausible defects in parts fabricated. Weeren et al. [31] noticed that defects occur in
the FDM parts mainly due to hardware, software and build strategy limitations and classified

them into two categories; surface and internal defects.

Surface Defects

Surface defects include staircase and chordal errors as shown in Fig 2.1. Staircase errors are

caused by the slicing method, while chordal errors originate from the .stl format file.
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Fig. 2.1 Surface Errors (Image source: Choi et al. [39])

Staircase or registering effect

Stair-case or Stair-step effect [40], is a significant limitation of all RP processes, and is more
prevalent in particular with FDM. It is caused as a result of the basic approach in layer-by-layer

processing using horizontal flat layers and the part orientation during the deposition. The faceted
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.St model is sliced with certain horizontal planes, and the contour of each layer is generated. The
RP system, no matter whether using a laser or a deposition head, traces the slicing pattern and
builds the physical part in thin layers, which exhibit the “stair-step” effect, as shown in Fig. 2.1.
It may also be noticed that stair-step effects become more obvious on curved surfaces and
particularly when using thicker layers. While dimensional accuracy and surface quality are
paramount to any engineered product, achieving the same in FDM requires use of finer layers,
leading to abnormally high part build times [41]. However, finer layers allow better part

resolution, with reduced stair-step effects, as shown in Fig. 2.2.

Ideal surface
/

Fig. 2.2 Thin build layers better represent complex surfaces (Image source: Sabourin et al. [41])

Chordal or curve-approximation errors

The de facto standard for linking a CAD model design with any additive manufacturing system
is the .stl (Stereolithography) file [42]. In a .stl format file, part surfaces are tessellated or
triangulated and eventually, each surface is represented by a set of triangles. Curves are
necessarily linearized due to current requirements by the hardware control. In FDM systems, the

linearization of curved surfaces while generating .stl files can be reduced to shorter vector
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lengths to improve the representation of such surfaces. However, this solution leads to build files

of very large sizes and also increases the build time of the part.

Top/bottom surfaces

The first layer of deposition in FDM is in contact with the print platform with its own degree of
surface roughness and texture. As a result, the bottom surface picks up the surface texture from
the build platform. This can be eliminated by building the actual part on a raised platform that
can be removed later. The top layer deposited has a ridged surface resulting from the structure of
the substrate strands. Again, finer roads reduce these effects, but at the cost of increased build
times and there is always a limitation on how fine the extruded filament could be, in view of

other practical limitations.

Start/stop errors

In most FDM systems, the build process is usually planned with a closed loop outer profile of
each layer to be printed first. Each closed loop includes a start and a stop point. When the nozzle
moves to either the start or the end points, the extruded material needs to be controlled to prevent
any overflow or underflow. This is to be done by controlling the feed rollers and the motion of
the filament into the liquefier. However, the backpressure in the liquefier continues to extrude
the polymer material even after the filament is instantaneously stopped from feeding. Further, a
void segment or an excess material filling might take place if the rollers are stopped either too

early or too late respectively at the stop-point. Thus a controlled co-ordination of the movement
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of the liquefier head and the rotation of the extruder is critical at the start and the end of each

perimeter, and often results in start/stop errors.

Support structure burrs

Support structures are required when the part has overhanging or complex internal features. The
removal of the support structures leaves burrs or fine scale holes on the surfaces in contact with

them. Usually, post-process finishing techniques aid in reducing such defects.

Internal Defects

Internal defects arising out of a combination of hardware and software limitations and materials
characteristics as shown in Fig 2.3 (a), (b), and (c) respectively include sub-perimeter voids,
inter-road voids and defects due to variations in the road thickness. Sub-perimeter voids are
caused by the incomplete filling of the area inside the perimeter of the FDM part. Inter-road
voids and variations in road thickness are caused by inconsistent material flow due to both
slipping in the filament feed mechanism and variations in the filament diameter. Most of the

internal defects occur in a systematic and repeatable manner.

Fig. 2.3 Internal Defects (Image source: Weeren et al. [31])
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Sub-perimeter voids

During the deposition, the extruded material is filled inside the outer contour of a sliced layer
with a given raster pattern and orientation. When the extruder nozzle reaches the end of a
particular road, it needs to turn around and continue printing the next road. The algorithm used to
generate the deposition path strives to make the turning tool path close to be tangential to the
boundary of the geometry as shown in Fig. 2.3 (a).These sharp turnings in the deposition paths
often lead to incomplete filling and result in voids, although the path generation program
attempts to achieve complete filling at these locations. Further, the constant velocity of the
extruder nozzle would cause high centripetal accelerations at the corners, resulting in an
inappropriate material flow at these intersections. The size and occurrence of the sub-perimeter
void depend on the build conditions (road width, thickness, etc) and the angle between the raster
line and the perimeter curve. Since sub-perimeter voids are predictable and the cause of their
formation is known exactly, several solutions are possible for eliminating these defects, such as
negative offset, alternative corner turning and equidistant tool path generation [43] as shown in

Fig. 2.4 (a) to (c).

(a) Negative Offset (b) Alternative Corner Turning (c) Equidistant Path

Fig. 2.4 Improvement for sub-perimeter voids: (a) Negative Offset, (b) Alternative Corner Turning ((Image
source: Agarwala et al. [32]) and (c) Equidistant Path (Image source: Yang et al. [43])
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Inter-road defects

Defects between adjacent roads (inter-road defects), as shown in Fig. 2.3 (b), can occur in one of
the following two forms [32]:

(1) Voids, which might occur due to no physical contact between adjacent roads.

(2) Weak Links occurring due to weak bonding across the physical contact between adjacent

roads.

These defects depend on the degree of bonding between adjacent roads, which in turn depends
on the temperature of the roads, the lateral flow of the material and the time allowed for

consolidation.

Vector-length effects

As the extrusion nozzle follows the raster path, its movement becomes a vector and the distance
it moves is called the vector length. When depositing the extruded material along long vector
lengths, if the time delay is high, the temperature decay in the previously laid road is large.
Therefore, due to significant temperature differences, the bonding between two adjacent roads
might be weaker. The unwanted cooling may occur not only between the roads in a given layer,
but also between successive layers. These weak interfaces are seriously deleterious to the
structural integrity of the part. If the substrate cooling is extremely high or if there is a high
shrinkage of roads while cooling, then there is also a possibility for complete de-bonding

between such roads, causing inter-road voids.
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Non-sequential raster segments

Weak interfaces might also occur due to the deposition strategy in some locations with specific
geometries, such as the non-convex areas. In these areas, a single continuous raster pattern is not
possible to fill the entire area. Therefore, under such circumstances, the area is filled by more
than one continuous raster pattern, with a start and end point for each filling, as shown in Fig.
2.5. Also, depositions of these non-continuous raster patterns are not always sequential and
adjacent during the deposition. These discontinuous fill patterns occur because the algorithm
cannot process the raster paths when the outside contour is a tangent at the point of intersection.
Due to non-sequential deposition, there is a possibility of excessive substrate cooling between
two adjacent roads of different raster patches. This may result in insufficient bonding between

the adjacent roads, thus causing weak interfaces or even voids between such roads.

Start Point Start Point
f /

] !
End Point End Point

Fig. 2.5 Non-sequential raster segments
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Non-uniform filament diameter

A FDM system deposits the material extruded through the nozzle based on a constant diameter
feed filament with a specific feed velocity. The rate of filament feeding and the roller speeds are
pre-determined based on specified deposition conditions and assuming that the filament diameter
is uniform throughout its length. However, filament diameters could be varying due to
manufacturing defects. The variations in the filament diameter affect the flow rates of the
material being extruded out of the extrusion nozzle and might not match with the required rates.
Such variations in the filament diameter may lead to underflow or overflow which can result in

poor bonding between adjacent roads or non-uniform road width or layer thickness respectively.

Filament slippage between rollers

Filament slippage between rollers might occur due to mismatching roller and filament surface
patterns or use of improper groove depths. Insufficient thermal energy in the heating chamber
and consequent adverse temperature conditions inside the extrusion chamber might lead to the
filament slipping between the rollers or buckling after passing through the rollers. Eventually,
the slippage affects the flow rate of the deposition material and hence the bonding between

adjacent roads and the nature of the inter-road bonding.

Core voids

This generally occurs when contour filling or equidistant filling patterns are used. When filling
thin wall sections, if only a couple of roads could be accommodated, a possible void arises where

the third line of deposition could not be squeezed in. One possible solution is to calculate the
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exact road width to be able to fill the whole area with a certain number of equidistant raster
deposition paths. However, the filament diameter is a restricted parameter in FDM and cannot be
assumed to be continuously varying. Also, in more complicated geometries, this solution may
not be practical due to the complexities to be resolved and perhaps the resulting high

computational times.

Other Defects

While investigating the optimum print orientations, Masood et al. [44] noted the stair case errors
as the major and unavoidable defect in FDM process. They developed a methodology by
computing the volumetric error to select optimal orientations for the objects and parts built by
FDM systems. Volumes of original objects or parts were calculated by dividing the complex
shapes into a number of basic primitive volumes. The total volumetric error combines errors in
primitive volumes and is used to determine the optimal orientations at different angles by
comparing with the theoretical and experimental results. The results indicate that parallel or
perpendicular directions with the axes of motion were the best orientations for most of the parts

except the pyramid-like parts.

Repeatability is yet another problem in FDM and generally occurs with symmetrical features
repeated in different directions. Fig. 2.6 shows a typical component with symmetric features
repeated on two mutually perpendicular axes. The same boss feature is repeated on all four faces
of the component. During the deposition, the raster orientations are different in different sets of

the projecting bosses and will eventually result in widely varying properties.
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Fig. 2.6 Geometrical features resulting in repeatability issues

Process Attributes and Evaluation

Other aspects that attracted sufficient research attention in FDM were process attributes and
evaluation. Anitha et al. [45] used the Taguchi technique, considering critical parameters such as
thickness, road width and print speed and based on experimental evaluation of 18 components
found that the layer thickness was effective to 49.37% at 95% of significance without pooling,
while it accounted for 57.57% at 99% level of significance with pooling. Based on similar
analyses using design of experiments, Montero et al. [46, 47] concluded that the air gap and the
raster orientation affect the tensile strength of the FDM parts while road width, temperature and
colour have little effects. A multi-objective decision support system was also developed to aid
proper setting of FDM process variables in order to achieve specific build goals and desired part

characteristics [48].

Non-random porous structures were found to influence the mechanical properties of FDM parts
by Too et al. [49]. They used the Stratasys FDM 1650 system to build the scaffold structures by
adjusting the raster gap to form varying pore sizes. Further investigations were carried out
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examining the microstructure, porosity, pore diameter, and mechanical strength, leading to an
empirical relationship for the porosity. It was found that the raster gap size has a significant
effect on porosity, pore diameter, and finally the compressive strength of the FDM part. Sood et
al. [50], instead of the conventional Taguchi method, used grey Taguchi Method to generate a
single response from different performance characteristics, which considered the percentage
change in length, width and thickness of build parts. Five control factors were chosen in their
experimental settings; orientation, layer thickness, raster angle, raster width, and air gap. It was
observed that shrinkage was predominant in length and width directions, but the dimension
increased from its desired value in the direction of thickness. After further analysis, it was
concluded that higher layer thickness (0.254mm), 0° orientation, maximum raster angle (60°),
medium raster width (0.4564 mm) and maximum air gap (0.008mm) were desirable along the
length while medium raster angle (30°) and air gap (0.004mm) were desirable along the width. It
was obvious that large numbers of conflicting factors independently may influence the
dimensional accuracy and so, the fabrication process must be based on optimum settings

obtained through a structured methodology.

Ahn et al. [51] investigated the actual surface roughness characteristics of FDM and established
a theoretical model to express the deviation in the roughness values with respect to the surface
angle considering critical factors. Sood et al. [52] attempted to understand the relationship
between mechanical properties and process parameters. Simple FDM parts were produced by a
Stratasys FDM machine with ABS P400 and tested by different test systems based on a central
composite design. Five main process parameters were considered, such as layer thickness,

orientation, raster angle, raster width and air gap, that influenced tensile, flexural and impact
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strengths. The models were validated by ANOVA and the major reason for weakness was

attributed to distortion within or in between layers.

Yardimci et al. [53] developed heat transfer models to describe the temperature profile of the
deposited roads in FDM. The first model was a simple computational model, which can predict
effective thermal conductivity of a particle-loaded heterogeneous system. Observations from this
model showed that the effective material thermal conductivity is the sensitive binder thermal
conductivity. Further, in a two dimensional model, they considered the adiabatic effects of the
work table, the thermal history of the deposition head, and layers built one over the other, and
the results showed that the temperature distributions had significant effects on the previous three
roads in the same substrate. Hence the bonding enhancement per pass was greater for less
populated road areas. Consideration of the raster or build style showed that different areas in the
layer experience different thermal histories during the FDM process and together with
geometrical factors, lead to the existence of bonding metric gradients across the part. The top
layers experience lower values of bonding metric, due to the absence of all-round heating as in

the case of lower level layers.

Sun et al. [54] investigated different process planning techniques for FDM, considering key
process parameters targeting optimum processing times, mechanical properties and surface
qualities. One of the most interesting findings is that the temperature history of interfaces plays
an important role in controlling the bond quality. Experimental results showed both the envelope
temperature and variation in the convective conditions within the build chamber to have

significant effects on the mesostructure and the overall quality of the bond strength between
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filaments. They also suggested that a critical control of cooling conditions would help better the

mechanical properties and accuracy of the final part in FDM.

Galantucci et al. [55] studied the surface roughness of FDM prototypes and found the slice
height and the raster width to be more significant, as against the direction of the movement of the
extrusion nozzle. They also introduced a chemical treatment process as a means of post-
processing improvements. Boschetto et al. [56] built a theoretical model for the average
roughness as a function of the process parameters and the part shape. The model was claimed to
be effective in predicting the effects of all critical parameters and surface roughness parameter

could be used to determine the best part orientation.

Jin et al. [57] emphasised the process planning as a critical task in additive manufacturing and
developed an adaptive process planning approach based on a mixed tool-path generation scheme.
The algorithm uses Non-Uniform Rational B-Spline (NURBS) based curves to represent the
boundary contours of the sliced layers and zigzag tool paths for the internal area. The overall
effectiveness of the FDM process and geometrical accuracies were reported to be improved.
Croccolo et al. [58] investigated the influences of process parameters on mechanical properties
by using ABS M40 and developed an analytical model to predict the strength and the stiffness
characteristics based on the number of contours deposited around the component edge and the
setting of the other deposition parameters. Based on the experimental results and the analytical
model, both strength and elastic modulus values were found to increase from 23.9 MPa to 29.7

Mpa and 1812 MPa to 2117 MPa respectively with increasing number of contours.
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The foregoing review ascertains the presence of certain defects in FDM parts, arising mainly
from the deposition styles and specific geometrical constraints. It is also clear that the process
parameters significantly influence the part characteristics, together with the part print orientation.
Evidently, these are variations at a relatively macro level. The thermal history of the process has
a major role to play in all this, and eventually, based on the combined effects of all these aspects,
the inter-road and inter-layer coalescence will vary. The final result is a typical meso-structure
that will control the mechanical behaviour of the FDM parts. Aspects of the material

consolidation mechanisms and mechanics are reviewed next.

2.2.2 Mechanisms and mechanics of materials consolidation

FDM prototypes are composites of partially bonded filaments and voids. The formation of bonds
in the FDM process is driven by the thermal energy of the semi-molten material and can be
described as shown in Fig 2.7. Ideally, the cross section of a filament can be considered as a
circle of size equal to the nozzle diameter. When the extruded filament is laid on to the previous
road or layer, the semi melt filament with high thermal energy re-melts the boundary of the
exiting road or layer and establishes a contact at the interface resulting in the wetting
phenomenon. Then, the molecular chains in both new and previous roads are randomised
through the contact area [59]. Using the residual thermal energy from both roads and the energy
from the envelope, the molecules diffuse by chemical bonds and entangle together by
randomization until the wetting area disappears. Two different models are often used to describe

the behavior of the molecules in the two stages; (1) sintering and (2) diffusion models.
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Wetting

Diffusion

Fig. 2.7 Bond formation process between two filaments: (1) surface contacting, (2) neck growth, and (3)

molecular diffusion at interface and randomization (Image source: Bellehumeur et al. [54])

Sintering Models

The sintering model is used to describe the establishment of the contact area. The formation and
the growth of the neck require an environment with sufficient temperature. Li et al. [60] pointed
out that the neck growth becomes insignificant below 200°C and defined it as the threshold
temperature for ABS P400. Though there are several models, the model proposed by Pokluda et
al. [61] is the most commonly referred in FDM literature, and was originally developed for
predicting the sintering between two polymer particles. Eq 2.1 is reproduced from the paper by
Pokulda et al. [61] based on Newtonian flow (the viscous stress of the fluid arising from its flow
and has a constant viscosity tensor) and viscoelastic flows (the fluid has the property exhibiting

both viscous and elastic characteristics):
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5 1
dd T 273cosfsinf (2 — cos )3
dt

-~ 1 (Eq.2.1)
(1 —cosB)(1+ cosB)3

with 0 = sin™! y/a in which y and a, the neck parameters are as shown in Fig. 2.7. The model
is valid for the coalescence between two particles and predicts the neck growth between the
particles as a non-linear function of time t, material viscosity u, initial particle radius a,, and

surface tension .

Diffusion Models

The diffusion model is used to describe the degree of randomization of the polymer molecules
through inter-strand contact; a process also called polymer healing. This is an important step and
determines the strength of the inter-road or inter-layer bonding. Most of the general healing
models developed consider isothermal conditions and might not be suitable for FDM considering
thermal variations. Yang et al. [62] presented a diffusion model to describe the direct contact

healing under non-isothermal conditions which is included here as Eq. 2.2:

1
o t 1 4
Dy (t) = o = UO ) dt (Eq.2.2)

Where t,, (T) is the temperature dependent welding time, o.. is the strength of the fully healed

interface, and « is the stress in the FDM part.
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For a given temperature history, and a given temperature dependence of the welding time, the
degree of healing can be evaluated using Eq. 2.2. Sun et al. [63] adapted this model as the
diffusion model in the FDM consolidation theory by replacing the temperature dependent
welding time function with temperature profiles in conjunction with the extruded ABS P400

welding time developed by Rodr guez [64], which is:.

tw = CeRT (Eq.2.3)

where T is the processing temperature, C is the pre-exponential factor, Q, is the activation

energy and R is the universal gas constant. Here, Q<= 388.7 kd/mol and C = 1.080<10™*"s,

Considering that the polymer chains are randomly bonded at the interface, the time is the only
key parameter to influence the randomization. Kim et al. [65] reported the tensile strength to be
increasing with increasing annealing time. While the theoretical models presented here are based
on the general mechanics of material consolidation in FDM, the actual material system being
processed is also of importance. The next section presents a review of materials currently

investigated for processing by FDM.

2.2.3 Materials for FDM

Considering the line-by-line and layer-by-layer fabrication of parts, FDM often needs two
different material systems; one for the actual part and the other for the support structures in case

of overhanging features. The material used for the support structures should essentially allow for
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easy removal both mechanically or otherwise, so that complex re-entrant sections could also be
thoroughly cleaned. A water-soluble material, such as Polyvinyl alcohol (PVA), can be used for
making temporary supports while printing is in progress and this soluble support material is
quickly dissolved using a precisely heated sodium hydroxide solution with specialized

equipment for mechanical agitation.

As for the actual deposition material, all commercial FDM systems invariably use Acrylonitrile-
Butadiene-Styrene (ABS) considering the immediate suitability for the process mechanics.
Alternative material systems attempted include both thermoplastics other than ABS and non-
plastic materials and even polymer and biopolymer composites of late. Considering non-
thermoplastics, Danforth et al. [66] introduced fused deposition modelling of ceramics and
Jafari et al. [67] further extended it to Fused Deposition of Multiple Ceramics (FDMC) by using
multi-material ceramics. Polymer composites, including metal/polymer mixtures [68], also
attempted mixing iron particles in a nylon type matrix, or a piezo-composite [69]. With
thermoplastics, medical-grade polymethylmethacrylate (PMMA) [70], polypropylene [71], and
polycaprolactone (PCL) [72] are a few examples of the research on alternative material systems.
Though the material system is not the main focus of the current research, a brief introduction to

specific materials attempted for FDM is given here.

Acrylonitrile-Butadiene-Styrene (ABS)

ABS plastic is widely used in the industry and it is also one of the most common materials for
FDM. The first grade of ABS used in FDM process was ABS P400 developed by Stratasys and

is relatively weak in mechanical properties compared to the general ABS. Rodriguez et al. [35]
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studied the relationship between the manufacturing process, meso-structure, and mechanical
behaviour of ABS. They used different settings of the FDM 1600 system, such as extrusion
temperature, envelope temperature, air gap, etc, in order to optimise the mechanical performance
of fused deposition under a given set of service loading conditions. They found that voids are the
main characteristics of the meso-structure of the FDM part and defined the void density and

bond length density respectively as follows:

_ Void Area Ea.24
Pi= Cross sectional Area (Eq.2.4)
) Y. Bond lengths over the circumference
Bond length density = (Eq.2.5)

Total fiber circumference length

They found that extrusion temperature, envelope temperature, air gap, flow rate and interlayer
translation configuration are the critical parameters influencing the meso-structure. Based on
experimental results it was shown that the void density and the extent of bonding between
contiguous fibres depended strongly on the fibre gap and extrusion flow rate. VVoid and bond
length densities in the plane transverse to the fibre extrusion direction varied from 4 to 16
percent and 39 to 73 percent respectively. They also quantified the important meso-structural
features as a function of the process variables and developed a basis for evaluation of other
candidate materials. Rodruez et al. [36] also conducted an experimental evaluation of the
mechanical behaviour of ABS assuming the properties of ABS materials as a function of the
adjustable FDM parameters. They noticed four constants could be defined by the in-plane
loading experimental result; the longitudinal modulus E;, the modulus in the transverse direction

E,, Poisson’s ratio v;, and shear modulus G;, defined as follows:
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Where P is the load, A the apparent cross-section area, €% the strain in the load direction for the
longitudinal specimen, &5 the strain in the load direction for the transverse specimen, and ¢;; the

transverse strain for the longitudinal specimen. E, is the apparent tensile modulus in the loading
direction, and 6 the angle between the fibre and loading. Their results showed significant meso-
structural influences on the stress-strain response. FDM parts could only reach up to 89 percent
of the modulus values and 78 percent of strength in the longitudinal direction, and 63 percent
modulus and 43 per cent strength in the transverse direction compared to the injection moulded

counterparts.

Ceramics

Fused deposition of Ceramics (FDC) was attempted using ceramic-polymer feedstock materials.
Extruded material in the feedstock form was used to feed material for fabrication of three-

dimensional green ceramic objects using a commercial FDM system and characterized for inter-
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road and inter-layer bonding. Green FDC parts can be created similar to the polymer parts and
then can be fired to obtain nearly fully dense components with no defects induced during post-
FDC processing steps such as binder removal and sintering (brown FDC part). However,
Exposure to high temperature thermal cycles results in undesirable mechanical performance
characteristics and cracks in the finished part due to the presence of voids and/or poor inter-layer
and inter-road bonding characteristics [73]. For the FDC parts, compressive elastic modulus
determines the load carrying ability of the filament and the viscosity determines the resistance to
extrusion (or extrusion pressure). Venkataraman et al. [74] developed a methodology for
characterizing the compressive mechanical properties of FDC filament feedstock. It was found
that feedstock materials with a ratio greater than a critical value do not buckle during FDC while
those with a ratio below the critical value buckle. It has been established that a balance of the
properties such as stiffness and viscosity is necessary for the successful functioning of FDC
filament feedstock material. Frequent buckling failures cause interruption of the process during
the extrusion phase in road formation, as well as the backpressure encountered during
deposition. Anna et al. [75] designed and developed a new set-up, called the mini extruder
deposition (MED) consisting of a mini-extruder mounted on a high precision positioning system,

to avoid most of the material preparation steps in a filament-based system.

Metal/Polymer Matrix

Masood et al. [68] developed a new metal-based composite material for FDM, aimed at direct
rapid tooling of injection moulded dies and inserts. Iron powder is mixed with P301 Nylon
binder material to form the composite, which is then used to make the feedstock material. They

also developed a proper formulation and mixture of constituent materials for obtaining certain
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properties of the composite material that can be produced in filament form for use in the FDM
process. The iron/nylon material filament developed 37-54 MPa in tensile modulus and 2.44-
3.87 MPa tensile stress at peak loading. Characterisation of this new material displayed desirable
mechanical properties, allowing for the fabrication of flexible feedstock filaments for producing
functional parts and tooling directly on the FDM system. It was claimed that the material was
especially suitable for direct rapid tooling applications as no binder burnout or infiltration was
required which saves a great deal of time in rapid tooling development. Test results of injection
moulding inserts fabricated on a FDM system using this material proved the inserts to exhibit

acceptable mechanical properties.

Bioresorbable polymer poly ¢-caprolactone (PCL)

Zein et al. [76] applied FDM to design and fabricate bioresorbale scaffolds with a fully
interconnected channel network using a bioresorbable polymer, poly e-caprolactone (PCL)
developed for FDM to produce porous scaffolds. The PCL scaffolds were produced with a range
of channel sizes 160-700 mm, filament diameters 260—-370 mm and porosity 48-77%, and as
regular geometrical honeycomb pores, depending on the process parameters. The scaffolds of
different porosity also exhibited a pattern of compressive stress—strain behaviour characteristic
of porous solids under such loading. The compressive stiffness ranged from 4 to 77 MPa, yield

strength from 0.4 to 3.6MPa and yield strain from 4% to 28%.
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Metal material (Bi58Sn42 and Sn60Bi40)

Mireles et al. [77] extended traditional FDM to Fused Deposition Modelling of Metals (FDMM)
by using a straight liquefier design and successfully deposited tin-bismuth (Bi58Sn42 and
Sn60Bi40) alloys, with low melting temperatures (below 300°C). Microstructural analysis
demonstrated good interlayer bonding with variations in the coarseness of microstructures along
the layer interface that affects mechanical and conductive properties. It was envisaged that
various applications can benefit from metallic FDM, including building jigs and fixtures,
electroforming mandrels, encapsulation moulds, dies, electronic joining applications, as well as
printing three-dimensional circuitry. Applications being limited to low-melting and low-strength
alloys as well as the possibility for oxidation during the build process due to the lack of a

controlled environment were the shortcomings noted.

Thermoplastics are by far the most suitable candidate materials for FDM, though other options
like polymer, ceramic and metal composites were attempted with varying degrees of success.
Nevertheless, the mechanisms of consolidation are similar and also the possibilities to develop
one or the other types of defects are influenced by geometrical and process parameters. One of
the significant factors is the raster pattern used while printing as it has a direct bearing on the
resulting meso-structures. Attention is now paid towards the existing literature evaluating the

raster orientation effects in FDM.

2.2.4 Effects of raster orientation

Meso-structure is a mechanical property of the FDM part and the raster orientation is one of the

locally controlled properties affecting the meso-structure. Raster orientation refers to the
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structure of roads deposited in each layer of a FDM sample. Raster orientations can be
categorized into two different types: (1) Unidirectional deposition with different meso-structure
and (2) Laminate configuration orientations as shown in Fig. 2.8. Mechanical properties of FDM

parts are locally controlled by both the raster orientation and the density of deposition [78].
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Fig. 2.8 Uni-directional and laminate deposition styles (a) Unidirectional deposition with standard meso-
structure, (b) Unidirectional deposition with skewed meso-structure (Image source: Lee et al. [35]) and (c)

Laminate configuration (Image source: Ahn et al. [47])

Further, FDM parts are orthotropic composites of ABS filaments, bonding between filaments
and voids, and result in anisotropic [47] or pseudo-isotropic properties [73]. Tensile strength,
modulus of rupture, and impact resistance are found to vary with different layer orientations. Es-
Said et al. [79] found that the ultimate and yield strengths were the highest for the 0° orientation,
at 20.6 and 16.3 MPa, respectively. The 45°/0° scored second (14.0 and 13.6 Mpa), followed by
the standard orientation, 45°/-45°, (13.7 and 10.4 Mpa). The weakest orientations were the 90°
and 45° patterns. They also found that fracture paths were controlled by interlayer porosity.
Weak interlayer bonding was probably due to the residual stresses caused by volumetric
shrinkage of the polymer layers during solidification from the melt. Weak interlayer bonding
could also be caused by the low molecular diffusion and low cross-linking between the polymer

layers during deposition. In addition, the interlayer porosity reduced the load-bearing area across
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the layers and hence provided an easy fracture path. The moduli of rupture are highest for the 0°
orientation (44.4 Mpa). The 45°/-45°, 45°/0° and 45° orientations had the next highest strengths,
and the 90° orientation had the lowest strength (19.6 Mpa). During impact tests, the absorbed
energy values are the highest for the 0° orientation (4.12J)) and the lowest for the 90° orientation

(0.36J).

Lee et al. [80] used the Taguchi method to find the optimal process parameters for the best
elastic performance of ABS prototypes. Based on orthogonal arrays, the main effects, signal to
noise ratio and analysis of variance were used to ascertain the role of the raster angle in the
elastic deformation of FDM test samples. It was found that both raster angle and layer thickness
play equally significant roles at 15° deflection of the test samples. Fatimatuzahraa et al. [81]
focussed on the mechanical properties and meso-structures of FDM parts produced with two
raster orientations; cross (0°/90°) and crisscross (45°/-45°). Tensile, bending, impact and
deflection tests on ABS specimens showed the crisscross sample to perform better. The inter-

road contact areas were observed to be higher with the crisscross raster patterns.

Evidently, the raster orientation influences the meso-structure, which in turn will control the
final part characteristics in FDM. While the raster orientation is a typical feature of a single
layer, variations in successive layers will have further confounding effects on the internal meso-
structures. The layer structure depends on the slicing strategies used to process the CAD model
for deposition by raster means. Eventually, the layer styles and structures become important in
significantly contributing towards the internal meso-structure and would require some attention

now.
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2.2.5 Slicing strategies

StereoLithography (.stl) files have been used as the de facto standard to link CAD models and
prototype fabrication in all FDM systems. .stl file-format specifies both ASCII and binary
representation and describe only the surface geometry of a three dimensional model without any
representation of color, texture or other common CAD model attributes. A raw unstructured
triangulated surface is described by the unit normal and vertices (ordered by the right-hand rule)
of the triangles using a three-dimensional Cartesian coordinate system. Theoretically, if the slice
thickness is infinitesimally small, the 3D part should be identical with the 3D model. However,
the thickness of the layer cannot be below a certain minimum thickness in reality, and there are
also other factors that may affect the precision which result in errors [82, 83]. For better surface

quality, Adaptive Slicing and Direct Slicing techniques were attempted.

Adaptive Slicing

While part quality is paramount in any manufacturing method, in FDM, better parts were
envisioned to be made by reducing the layer thickness, though at the cost of increased build
times. Adhesive strength between layers or across filaments is weaker than the strength of a
continuous filament and the air gap and raster orientations affect the tensile strength of the FDM
parts. Different approaches were attempted in the past to improve surface and overall part
qualities. While optimum part orientation and alternative print styles were methods reported for
better surface quality, different slicing strategies evolved, targeting better part quality and build

times.
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Suh et al. were the first to investigate the concept of adaptive slicing for solid freeform
fabrication [84], and then quite a few others followed suit. Sabourin et al. [41] presented a new
adaptive slicing method in which, the .stl model was first sliced uniformly into slabs of thickness
equal to the maximum available fabrication thickness, and then each slab is re-sliced uniformly
as dictated by the required surface accuracy. The experimental results indicated a 50-75 percent
improvement in slicing speed with spatial partitioning. The partitioning was also essential for
parallel computations since it facilitated the distribution for sub-tasks among available
processors. Kulkarni and Dutta [85] presented another adaptive slicing method using the cusp
height as the slicing reference standard, which is similar to the tolerance in the conventional
manufacturing. The cusp height was determined before the slicing, and used to determine the
minimum layer thickness, which, together with the uniform layer thickness was used in the
processing. The result showed adaptive slicing procedures resulting in less cusp height errors and

reduced build layers compared to the uniform slicing procedures.

Sabourin et al. [86] considered three software approaches; the first one using a thicker build
layer, the second one with varying build layer thickness according to the local part geometry and
the third one with with sparse interior lattice structures. Based on these considerations, they
presented a new approach to a rapid layered manufacturing technique based on the concept of
building parts with precise exterior and a rapidly built interior region as shown in Fig. 2.9.
Contour offsetting and variable layer thickness were used in the accurate exterior, fast interior
methods respectively. As a result, the exterior might use the same time as the conventional
slicing; however, the interior region was fabricated 5.2 times faster, resulting in an overall 50-

80% reduction in build time without affecting the surface quality or part integrity. Additional
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savings in fabrication time could be realized by continuing to increase the fill rate in the interior

region.

Unlike the previous adaptive slicing methods, Hope et al. [87] used a sloping layer approach,
which is based on the surface curvature and the angle of the surface normal. Tyberg et al. [88]
noticed that conventional adaptive slicing methods produce unnecessary layers that contribute to
increased fabrication times without improving the overall quality of the part surfaces and
presented a new approach that first identifies the individual parts and features that comprise each
layer in a given build. This technique improved upon existing adaptive slicing algorithms by
eliminating most of the slices that do not effectively enhance the overall part surface quality. It
was also implemented on an FDM 1600 rapid prototyping system, and had demonstrated a 17-37

percent reduction in fabrication times compared to that of conventional adaptive slicing methods.

Thin exterior layers to
rmaintain surface accuracy

Thick interiar layers to
improve build speed

Fig. 2.9 Accurate exterior and fast interior procedure (Image source: Sabourin et al. [86])
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Cormier et al. [89] presented an interactive procedure for gathering cusp height requirements for
different faces of a part. The procedure starts by applying an edge finding algorithm to the .stl
file and grouping facets together according to the face to which each facet belongs. The
procedure utilizes functions from the OpenGL graphics library to render the faceted model and
to highlight faces one at a time. By allowing non-uniform cusp heights to be specified, the
potential to further improve adaptive slicing algorithms was demonstrated as measured by a
reduction in build times. Kumar et al. [90] found that the number of layers is drastically reduced
by using sloping layer walls in adaptive slicing. They presented a method that approximates the
outer wall between two successive contours by a series of taut cubic spline patches. The slicing
procedure was specified by choosing from uniform slicing and various adaptive slicing methods.
Slicing tests were done on various surfaces with both the existing first order method and the
proposed strategy of predicting cusp height. When applied to the same surface, it was found that
the first order method resulted in thicker and consequently lesser number of slices for the same
allowable cusp height. Lin [91] further extended these concepts and introduced the advanced

adaptive slicing algorithm by combining different adaptive slicing approaches [41, 86, 88].

Thrimurthulu et al. [92] presented a single objective optimization scheme by adding average part
surface roughness and build time to determine the optimum part deposition orientation using a
genetic algorithm. Average part surface roughness was evaluated by slicing the .stl model
adaptively. Build time was estimated indirectly by considering the number of adaptive slices and
weighing with the ratio of supported area to the total surface area. Based on the case studies
considered, it was concluded that the methodology could be used to determine optimum part

deposition orientation for any complex part.
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Zhou et al. [93] proposed an approach for adaptive direct slicing with non-uniform cusp heights
independent of the CAD system using the Standard for the Exchange of Product model data
(STEP) format [94]. The cusp height is related to the curvature of the corresponding surface
along the build direction and the CAD model is sliced adaptively with different cusp heights.
Meanwhile, Ma et al. [95] presented a different adaptive slicing algorithm with a selective
hatching strategy. A non-uniform rational B-spline (NURBS) surface model was directly sliced
with adaptive thicknesses in order to obtain an accurate and smooth part surface and the test
samples were practically printed using a Stratasys FDM 3000 RP system based on the
QuickSlice software together with an adaptive slicing module. The build time was reported to
have significantly reduced while improving the surface quality. However, the plausible
variations in mechanical attributes were not paid any attention and the actual variation in
thickness was still quite small. Zeng et al. [96] developed another adaptive slicing algorithm
based on a Layer Depth Normal Image (LDNI), approach and reported the method to reduce the
size of the storage and increase the efficiency of slicing. Wang et al. [97] used the finite element-
based method to subdivide the object into a group of tetrahedral elements and used basic

adaptive slicing algorithms for slicing.

Direct Slicing

Stereolithography (.stl) format files offer easy universal transfer of data from CAD to RP and are
currently used on all commercial RP systems. However, limitations soon became apparent.
Jamieson et al. [98] noticed that tessellation of the .stl file is likely to result in shortcomings such

as large data size of the CAD file, limitations due to CAD systems, varying consistency, long
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slicing times and lack of scope for modifications. They presented a direct slicing method from
the original CAD models. The open format named Common Layer Interface (CLI) was used for
the direct slicing method and managed to process with a relatively small sized file compared to
the .stl file. It was concluded that the open format file enables a change of format and traditional
arguments that sliced data were difficult to manipulate and create supports had been proved to be

wrong.

Chen et al. [99] studied and compared several slicing methods such as slicing from .stl files,
tolerate-errors slicing, adaptive slicing, direct slicing, and adaptive direct slicing. In order to
meet rapid prototyping slicing demands, they proposed a direct slicing approach based on
PowerSHAPE models. In their method, lines, arcs and Bezier curves were used to describe the

section contours and will probably be a future solution to many existing slicing problems.

Starly et al. [100] observed that the geometric description used to represent solid CAD objects
significantly affects the accuracy and quality of the final parts produced especially in the case of
freeform shapes, such as the scaffold structures in tissue engineering. The process of tessellation
and representation in .stl format is inadequate for designing biomimetic scaffolds with a complex
internal architecture. A direct slicing algorithm was presented for layered freeform fabrication
based on a neutral, international standard (ISO 10303) STEP-formatted Non-Uniform Rational
B-spline (NURBS) geometric representation and was intended to be independent of any
commercial CAD software. Optimal build direction was determined based upon STEP-based

NURBS models, adaptive subdivision of NURBS data for geometric refinement and ray-casting
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slice generation into sets of raster patterns. It was concluded that the direct slicing method

overcame a typical deficiency of .stl format files; the loss of information.

Connections between points are absent in the direct slicing process, as the input is in the form of
discrete point data. The lack of a global structure might lead to failures while handling complex
shapes with multi-contoured slices and even loss of accuracy with some critical features. To
overcome these limitations, Qiu et al. [101] presented a method to extract the topological
structure from the point cloud data first, and then applying a moving-least square (MLS) surface-
based direct slicing process on the structure. With the extracted topological information, the
contour numbers and the start points for tracing each contour could be determined, so the slicing
process was able to efficiently and correctly handle complex shapes with multi-contoured slices.
The topological information also helps preserve important features and reduces the errors caused
by changes, if any. The proposed direct slicing method was tested on different sets of point cloud

data, and the improvements were validated by experimental results.

The geometric description used to represent solid objects significantly affects the accuracy and
quality of the final parts produced with additive manufacturing technology. Direct Slicing is only
concerned with the representation of geometry without using a proper thickness for the layers. In
order to achieve both, Zhao and Laperriere [102] developed an adaptive direct slicing for RP that
potentially enables part fabrication with higher accuracy and production efficiency. The slicing
strategy consists of two stages; detecting the features of the model and dividing it into
corresponding blocks; and optimizing the layer thickness in each block. The optimal layer

thickness and features of the model were obtained by comparing the area deviation and topology
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information of the adjacent slices. The algorithm was developed and implemented using
Microsoft Visual C++ and AutoCAD Object ARX with the .dxf files and was found to be simple
and practical, and equally effective for both polyhedral and faceted models. However, the

models were never practically implemented to produce test pieces.

Curved layer slicing

Most of the existing rapid prototyping processes are based on flat layer slicing due to the fact
that most of the existing rapid prototyping machines are two-and-a-half axis based systems. In
other words, these systems are only sensitive in x and y directions but not along the z axis. In
view of these hardware limitations, all current existing software solutions are based on flat layer
slicing. Although very effective in turning complex three dimensional shapes into more simple
two dimensional shapes, flat layer slicing suffers from vertical discontinuities. Developing a real
three dimensional rapid prototyping, or additive manufacturing system, would be a new trend in
the near future [103], similar to how the CNC counter parts are evolving into five and more axes

systems.

Klosterman et al. [104] developed a curved layer Laminated Object Manufacturing (LOM)
process for rapid prototyping. The process was designed for efficient fabrication of curved layer
structures made from ceramics and fibre reinforced composites. A new machine was also
developed using ceramic tapes and fibre Pre-pregs as feedstock and fabricating curved structures
by stacking curved layers, one over the other. Software and hardware were developed in order to
achieve the curved layer LOM process. After the implementation, they found the curved layer

LOM process was a significant departure from the existing process and a significant
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development in both software and hardware were required, as well as the materials and process
engineering. But there were definite benefits, and the curved layer process afforded the
advantages of eliminated stair step effect, increased build speed, reduced waste and maintenance

of continuous fibres in the direction of curvature.

Specifically, while producing shapes like thin, slightly curved shell-type structures (skull bones,
turbine blades etc.) conventional flat layer additive manufacturing is poorly suited and may
result in a lack of strength, stair-step effects (poor surface finish) or a large number of layers
(higher build time). Chakraborty et al. [105] presented an extrusion path generation scheme for
FDM, named Curved Layer Fused Deposition Modelling (CLFDM). This technique assumes
deposition of material in curved layers in contrast to flat layers used in conventional FDM and
was envisioned to overcome stair-step effects without the need for excessive number of layers,
while improving the part strength. However, it was mainly a theoretical model based on
parametric representation of freeform surfaces and offsetting curved layers using surface-surface
intersection and orthogonal offsetting algorithms. Genetic algorithms were used to evaluate
optimum shapes of surfaces to offset when multiple peaks exist. Later, as part of a master’s
research, the author [106] developed curved layer FDM still further through development of
mathematical models, software and hardware systems and their integration and final
implementation. While these initial studies allowed proof of concept, a number of avenues for
improvement were indentified, together with the possibility of integrating the approach with

other slicing and deposition methodologies.
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While emphasizing the significance and typical drawbacks of current additive manufacturing
processes, Chen et al. [107] developed the Computer Numerically Controlled (CNC)
Accumulation process. By incorporating multi-axis tool motion, the CNC accumulation process
could be beneficial for applications such as plastic part repairing, addition of new design features,
and building around inserts. Choi et al. [108] developed a flexible and mobile FDM system by
reversing the z stage in a Stratasys FDM 3000 machine. This new configuration was successfully
used to build a cylinder on flat and 3D cupped surfaces, including building a horizontally
oriented cylinder on a wall by orienting the FDM system in the horizontal position. Additional
flexibility was demonstrated by printing directly on a complex curved surface, thus illustrating
the possibilities for using additive manufacturing (a traditional 2D layer-stacking processing
technique) in conformal printing applications. The curved layer approach will also find

significant applications in the future, as new techniques like these are commercialized.

2.3 Research gaps, hypotheses and questions

In summary, FDM is a significant additive manufacturing process and a promising candidate for
the direct manufacture of end-use products in the future. Nevertheless, there are specific
shortcomings, mainly due to the unfavourable meso-structures resulting from geometrical and
process conditions. The transient thermal fields also will have significant influences on the
process in general. Novel approaches such as adaptive slicing, curved layer slicing, and optimum
build patterns and raster orientations are apparently methods researched and suggested as
possible means of overcoming some of these difficulties. However, each of these methods

addresses a particular aspect of several issues governing the overall quality of printed parts.
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While the true influences of each of these approaches are not clearly understood yet, the research
gap also lies in the fact that there have been no attempts made to bring different solutions

together in combinations to find optimal printing schemes for given parts, in given orientations.

Unlike the injection moulding process, fused deposition modelling is governed by the inter-
filament coalescence and results in anisotropic properties. Based on a modified Frenkel-Eshelby
model [109], Bellehumer et al. [33] observed the extruded filaments as not usually at the
required temperatures long enough for complete coalescence between adjacent strands to occur.
The general FDM structure, also called the meso-structure, is formed by semi-molten filaments
partially bonded together due to solid state sintering and solidified eventually. This meso-
structure significantly influences the final part characteristics as evident from the experimental
stress-strain responses reported [35]. The meso-structure in turn is affected by the choice of

process parameters.

The actual mechanism through which the internal meso-structure influences the characteristics of
the FDM part is complex and involves the individual and combined effects of different
parameters [110]. Literature suggests five important parameters predominantly controlling the
strength of FDM processed components; layer thickness, part build orientation, raster angle,
road width and air gap [52]. According to Es-Said et al. [79], the anisotropy properties are
caused by the polymer molecules aligning themselves with the direction of flow, formation of
pores in preferred orientations and weak interlayer bonding. It is pertinent to point out at this
stage that the raster angle is central to all this and was in fact established by Ahn et al. [47] as the

most significant parameter, based on tensile, three-point bending and impact test results. The
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classical lamination theory and Tsai-Wu failure criterion [78, 111] were attempted to predict
relationships between the raster angle and tensile strengths or to determine the elastic modulus

values of the FDM parts.

Evidently, there is a definite relationship between the raster angle and the mechanical properties
of FDM parts. Experimental and analytical evaluations were attempted earlier and results from
both models were shown to be closely correlating. However, the models developed were mostly
based on assumptions that the elastic and shear modulus values are constant and equal to the
bulk material properties. Considering the highly anisotropic nature of the composite material
constituted of partly coalesced intricate network of polymer strands interspersed with air gaps,
this appears to be over simplifying the problem. This necessitates further theoretical and
experimental evaluations to be taken up for better understanding of the actual role of the raster

angle in FDM.

While optimum part orientation [112] and alternative print styles [113] were methods reported
for better surface quality in FDM, different slicing strategies evolved, targeting better overall
part quality and build times. Variable thickness slicing for optimum number of slices and cusp-
height presented by Kulkarni and Dutta [85], step-wise uniform refinement approach developed
by Sabourin et al. [41], adaptive slicing based on surface curvature and angle presented by Hope
et al. [87], precise exterior and rapidly built interior approach suggested by Sabourin et al. [86]
and the method of identifying individual parts in a given model reported by Tyberg et al. [88] are

notable examples. However, most of these slicing techniques were based on mere mathematical
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algorithms and practical implementation and testing was limited, while the confounding effects

of filament size with the speed of extrusion and printing were completely ignored.

Apparently, FDM literature presents numerous adaptive slicing approaches, but mainly as
mathematical models, without any experimental backup and optimum raster orientations that are
not directly supported by the theories of material consolidation. It was observed by Bellini [38]
that higher mass deposition rates could be achieved during the road formation by reducing the
speed of deposition. This brings up yet another factor, the print speed into focus. It is necessary
to view adaptive slicing in terms of the consolidation mechanisms, with due consideration to the

time-dependency, in order to explain the plausible effects.

Although these improvements, especially in slicing algorithms mentioned above, lead to some
progress in FDM processing, the part surface quality and geometric accuracy are still a major
concern. Reducing build time and increasing part surface quality are two factors that contradict
each other. Several different attempts have been brought forward in the literature, aiming at
better solutions for curved surfaces; however, they still have their own limitations, especially for
thin curved shell-type parts. The promise of true engineering products being slowly realised
through machine and material improvements, both surface quality and strength of parts become
critical in particular in the direct manufacture of end-use parts. Inspired by the curved layer
LOM process [104], Chakraborthy et al. [105] initiated the curved layer FDM mainly to address
the surface quality and fibre continuity problems in thin shell type FDM parts. The author also
developed some preliminary analytical models and hardware and software solutions for

processing and practical implementation of curved layer slicing earlier [106]. But the methods
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require further refinement, while there is also need for a true experimental validation of the

approach.

It may also be noted that raster angle studies, adaptive and curved layer approaches have been
investigated individually in the past. The raster orientation presumably decides the mechanical
behaviour of the resulting material. Adaptive slicing is predominantly used to better represent
intricate details and overcome the stair-step effects. Curved layer slicing is a relatively recent
addition and is expected to better handle the stair-step effects in specific situations. Ideally, in a
given part, it may give better results if both adaptive and curved layer slicing are combined, so
that the areas close to the top surface are printed using curved layers, while the interior is filled
with adaptive flat layers. Once the merit in this is realised, several possible combinations would
arise for investigation; uniform flat layers, adaptive flat layers, uniform and adaptive curved
layers and adaptive curved and flat layer slicing, together with varying raster orientations.
Considering that the final meso-structure actually dictates the mechanical behaviour of the
resulting material and the fact that each of these approaches can vary the internal structure to
different degrees, an interesting approach is to combine different methods in combinations in a
given component and evaluate the effects. There is no existing literature reporting any previous

attempts in this direction, and will be attempted as part of the current research.

Based on the literature review and the foregoing discussion, flat and curved layer slicing,
adaptive slicing and optimisation of raster orientations are some schemes developed mostly
individually, by different researchers, for improving the quality of parts produced by FDM. The

current research is built on the belief that better solutions can be developed by combining one or
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more of these deposition strategies, in order to be able to achieve the best mechanical and
surface qualities for a given part. The optimum solution essentially targets the most favourable

meso-structure. The hypothesis for the current research is:

”An appropriate deposition scheme, consisting of a combination of layers of flat or curved
orientations and uniform or varying thickness with appropriate internal road structure would

result in the most optimum characteristics of parts produced in FDM”.

The research to be done must first look at the fundamental mechanics of the influences of raster
angle orientations on the mechanical properties of the resulting material structures in FDM.
Further, theoretical and experimental evaluation of the role of varying filament sizes and
consequent layer thicknesses must be considered. Further to developing a fundamental
understanding of these aspects, a proof of the proposed hypothesis requires finding answers to
several questions that arise around practical problems and the ensuing effects of implementing
curved and flat layers and adaptive slicing both individually and in certain combinations. The

following are the significant research questions to be addressed:

e How do variations in raster orientations affect the critical mechanical attributes of
material structures resulting from fused deposition modelling?
o What is the true role of varying layer thickness in fused deposition modelling and how

does this alter with speed and time of printing and their interactions?
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e What are the limitations of the current curved layer slicing models and what alternative
approaches can be employed for better slicing and practical implementation and what
will be the effects on the critical attributes of a typical component?

e How can adaptive slicing be implemented in real and practical situations? What
consequent effects this will have on the part mechanical characteristics

e How do combinations of flat, curved, uniform and adaptive slicing schemes, together
with different raster orientations in each layer influence the mesostructures and
eventually the final part characteristics?

e How can these be integrated in order to implement the best combination of slicing and

deposition styles within a given part with a given print orientation?

2.4 Methodologies and objectives

The current research is designed to investigate and find answers to the questions listed above and
the methodology involves theoretical and experimental evaluation of the mechanics of raster
orientations and adaptive slicing and development of mathematical algorithms for different
slicing schemes followed by the practical implementation of the same. Experiments aimed at
investigating the part characteristics for different combinations of process parameters and
deposition styles will need development of test facilities and appropriate procedures. Test pieces
resulting from different print strategies will be evaluated considering mechanical properties as
well as internal meso and micro structures. Different deposition schemes will eventually be

integrated into a model that processes a given part and divides the domain into a number of
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regions for the deposition of the material in different styles for the best overall characteristics of
the part. It may be noted that the current research methodologies are only briefly presented here,
while detailed descriptions of all methods employed will be presented at appropriate places in

the following chapters.

The raster angle effects are to be evaluated considering the force equilibrium of internal strands
and further evaluation of the mechanics of the multiple strand structure representative of the
internal road structure in FDM. Theoretical models for evaluating the effects of adaptive layers
will be built considering the second moment of area of the cross section of the multi-strand
specimen with varying degrees of inter-road and inter-layer coalescence. Next, mathematical
algorithms will be developed for both curved and adaptive slicing schemes. While curved layer
slicing is relatively new, a couple of solutions currently exist, but more practical and efficient
algorithms need to be developed. On the other hand, adaptive slicing is extensively researched
already, and a comprehensive literature review is necessary, followed by the identification of a
suitable method for the practical implementation, with some further improvements. The next
stage is to develop test beds that can be used as FDM systems for the practical implementation of
the deposition strategies developed, both individually and in different combinations. Further, test
piece printing and experimental investigations leading to the establishment of mechanical and
micro structural characteristics would have to be carried out to be able to establish the
significance of different deposition strategies both individually and combined. The final stage is
to combine different deposition strategies into a selection algorithm that can be used on given

solid shapes to establish the most favorable deposition schemes in different regions. The
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following is a list of the objectives set for the analytical and experimental investigations planned

to be carried out to prove the hypothesis stated:

1. Experimental evaluation of the influence of varying raster angles on critical
mechanical properties of test pieces, analytical modelling of the same considering the
mechanics of material consolidation in a multi-strand material system and correlation
of the two results.

2. Analytical modelling of the effects of varying filament and layer sizes considering
both speed and time of printing and experimental validation of the models.

3. A comprehensive state-of-the-art literature review on CAD file slicing procedures
covering uniform flat layer, adaptive flat layer, and curved layer slicing.

4. Development of appropriate test facilities for the practical implementation of
different deposition schemes investigated.

5. Development of improved algorithms for curved layer slicing and experimental
evaluation of the true effects of curved layer slicing through practical
implementations close to the reality

6. Development of deposition path modelling algorithms for both flat and curved layers.

7. Integration of alternative slicing and raster orientation approaches into an overall
selection scheme and developing an integrated algorithm that allows development of

the best combination of deposition schemes for a given part, in a given orientation.

71



Chapter 3  Adaptive Slicing for Fused Deposition

Modelling

3.1 Adaptive slicing; early attempts and general impressions

From the early stages of rapid prototyping through to additive manufacturing, the layer-by-layer
processing technique always suffered from inferior surface quality emanating from stair-step
effects and missing finer details, in specific cases. Use of flat layers of varying thicknesses was
envisioned as a possible means of resolving these issues, in particular with fused deposition
modelling. The basic approach is to use finer layers at places where surface quality is affected or
very fine details need to be reproduced from CAD files and fill the rest of the part domain with
thicker layers. Mathematical algorithms were developed to programmatically construct adaptive
slices for given components and either the slope of the bounding surface or the resulting cusp or
step height are normally used as criteria for choosing layers of varying thicknesses in different

Zones.

One of the advantages often used to substantiate the adaptive slicing scheme is that the stair-step
and other issues could be resolved without sacrificing much on the time of production.
Presumably, this means that the speed of printing remains the same and the thicker layers used in
non-critical areas would save the time as against the time lost with thinner layers to be employed
in critical areas. However, this argument may not stand much ground if the thermal variation of
the process is truly considered together with varying layer thicknesses. For example, if the speed

of printing is kept constant, the overall time given for the sintering of a unit length of the
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filament is lesser in the case of thicker layers and considering the time-dependent nature of
coalescence, this should lead to inferior part qualities. The confounding nature of the influences
of the critical parameters being obvious, the mechanics of adaptive slicing needs to be properly
modelled. This is attempted now reviewing the critical aspects of the existing models first,
before presenting the actual analytical models developed. While the discussion here is limited to
the mechanics of adaptive slicing by analytical means and a direct experimental validation of the
models developed, the implementation of adaptive flat and curved layers in specific cases is

differed to Chapter 6.

3.1.1 Basic adaptive slicing

As in any Additive Manufacturing process, the tessellated CAD file needs to be sliced before
processing on a FDM system. Solid models are created in a CAD environment and then
tessellated into Stereolithgraphy format (.stl) or Additive Manufacturing format (.amf) files.
During slicing, the three dimensional solid model is cut into layers with a series of horizontal flat
planes, to obtain a two dimensional contour representing each section of the solid. The simplest
method is to consider a series of equidistant horizontal cutting planes and obtain slices of
uniform thickness as shown in Fig. 3.1. However, the surface defects and the internal defects
mentioned in previous chapters are unavoidable and often exemplified further due to uniform
slicing. Layers of uniform thickness also bring in the conflict between the overall surface quality
and the total time of production [114]. Further, Uniform layers often result in loss of CAD data
when finer details exist on a part and use of very fine layers again contradicts with the general

requirements to reduce the overall production time.
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Thinner Layer

o

Fig. 3.1 Uniform layer slicing

The basic concept of adaptive slicing was first introduced to balance the process parameters
between two contradicting requirements; better part quality and lesser production time. Dolenc
and Makela [115] stated the problem of manufacturing a part as accurately as possible with a
minimal number of layers and considered use of a range of layer thicknesses, restricting the
surface quality within a user-specified tolerance and without the loss of the finer features of the
model. The cusp height was defined as the user-specified tolerance C,,,,. The location of the
next slice is estimated using the normal evaluated along the last slice. If N = (Nx N, N,)is
the unit normal at point P, then € = c¢N must satisfy ||C||, = ¢ < Cpgx- SiNce Cppgy 1S given, the

calculations are straightforward with:

l = Cax/N, (Eq.3.1)

Where [ is the layer thickness. Fig. 3.2 shows how the basic adaptive slicing alters the layer
thicknesses based on the varying slopes of the boundary surfaces of the example part shown in

Fig. 3.1. However, there are limitations to this adaptive slicing approach. When the slicing plane
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and a typical feature such as a corner are too close together, a layer of appropriate thickness may
not be accommodated even with the finest thickness, and a missing detail will result as shown in

Fig. 3.3.

Thinner Layer

/

Thicker Layer

e

Fig. 3.2 Layers of varying thickness resulting from the basic adaptive slicing method

Missing Details

Fig. 3.3 A specific shortcoming of the basic adaptive slicing method

The basic adaptive slicing by Dolenc and Makela only emphasized the importance of
recognizing and accommodating extreme or peak features and flat horizontal areas and

associated features might still be missed out. Considering this, Sabourin et al. [41] presented

75



adaptive slicing by stepwise uniform refinement. The solid model is first subdivided into thick,
uniform, horizontal slabs of thickness equal to the maximum acceptable layer thickness L,,qy-
Then the slabs are sliced with thinner layers to satisfy the maximum cusp height
restriction, C,,4,. Finally, the slab is examined both from its bottom slice looking upward and
from its top slice looking downward. This dual-direction examination is to avoid missing out any
high-curvature regions. They also developed the algorithm to decide the number of sliced layers

of uniform thickness a particular slab is to be subdivided into:

Lmax

maX{nzbottom nZtop })

Lmax)

min

Asiap = lnt(
max

(Eq.3.2)

Xsiab € [11 amax]; Amax = 1nt<

Where {nzbottom} and {nztop} are the sets of unit normal z components for the points across the

bottom and top slice levels of a particular slab, respectively. The resulting uniform layer

thickness with a particular slab therefore becomes:

L= Lmax/aslab (EQ- 3.3)

Where [ is the layer thickness. Fig. 3.4 shows an example of the application of the stepwise
uniform refinement method. Although this method is an improvement over the basic adaptive
slicing, it still has certain limitations; for example, it may result in unwanted regions filled with

finer slices, in specific examples such as the one shown in Fig. 3.5.
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Fig. 3.4 Sliced results using the stepwise uniform refinement method

Extra Sliced Layers
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(a) Stepwise Refinement Method (b) Basic Adaptive Slicing

Fig. 3.5 Problem existing by using basic stepwise uniform refinement method

Pandey et al. [116] noticed that the cusp height and limited deviation of cross-sectional area of
the part attempt adaptive slicing for optimum production times, but fail to consider the part
surface quality. They introduced another method based on limiting the surface roughness (R,)
value, called real time adaptive slicing and presented an equation for R, to determine the slice

thickness at 99% confidence:

__ Rgcosb
~70.82

(Eq.3.4)
Where R, is the local surface roughness in um, t is the layer thickness in mm and @ is the build
orientation angle between the vertical and the surface tangent. The average part surface quality is

given by:
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(Eq.3.5)

where R, is average surface roughness of the part, R, is the roughness of the ith slice or

trapezium and A; is the area of the surface of the cylinder. The real time adaptive slicing method
was reported to reduce the number of slices and the build time. The major advantage is the part

quality is expressed in terms of the standard R, value used in design and manufacturing.

Adaptive slicing improves the surface quality by varying the layer thickness according to the
changes in the surface geometry. In order to examine the deposition accuracy, the percentage

volumetric error,E,, is defined by Lin [91] as
Ey = [(Vy = Vin)/Vin] X 100% (Eq.3.6)

Where 1, is the total volume of the STL model and V,, is the volume of the deposited part. The

volume V can be calculated using:

N
V= ZAiHL- (Eq.3.7)
i=1
Where
m+1
1
4= Z (%Y1 — Xj41Y5) (Eq.3.8)
=1

Where H; is the thickness for the i layer, A, is polygon (contour) area for the ith layer, m is

the polygon edge number of a contour, and x and y are the coordinates of the polygon vertices.
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Comparatively, for the same volumetric error, the basic adaptive slicing achieved less number of
layers and smaller cusp height values. Similarly, a comparison between the basic adaptive slicing
and the stepwise refinement method showed that the volumetric error of the former method was

only half of the latter one under the same surface accuracy conditions.

Although the basic adaptive slicing improves the surface quality and the efficiency, the
effectiveness actually depends on the surface geometry of the model. The flatter the surface
normal, the thicker the layer will be. The selection of the layer thickness usually depends on the
minimum surface slope and once chosen, the same value will be used for the entire layer in order
to be able to satisfy the slicing accuracy requirement easily. However, this might make the
fabrication process inefficient in specific cases, as depicted in Fig. 3.6. In Fig. 3.6(a), Part A on
the left needs to be sliced with thinner layers while Part B on the right only needs to be sliced
with thicker layers. In Fig. 3.6(b), the left side of the solid model requires finer slicing while the
right surface requires thinner layers, resulting in a conflict and at the end a compromising

solution using thinner layers throughout.

PartA Part B Left Right

=

Work Platform Work Platform

(a) Two solid models in the same slicing (b) None constant slope

Fig. 3.6 A common problem with the basic adaptive slicing
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Increasing the efficiency of slicing also could be a part of the adaptive slicing. Identifying the
significance of the slicing process, Tata et al. [117] developed a high speed and accurate slicing
engine capable of recognising and retaining key characteristics and graphically representing
slices. The slicing engine first uses the Facet Processor to sub-group facets and then based on the
Key Characteristics Identifier locates the features on the .stl file. A thickness calculator also was
introduced to vary the thickness of layers based on cusp height, maximum deviation and chord

length and finally, backtracking to handle sudden changes in complexities.

3.1.2 Advanced adaptive slicing based on .stl files

Adaptive slicing through basic methods as discussed above solve only part of the problem, and
need more advanced approaches for the overall efficiency. A more advanced adaptive slicing
was attempted by Sabourin et al. [86] by introducing the accurate exterior, fast interior method.
In essence, the approach is to building parts with precise exterior and rapidly built interior
regions as shown in Fig. 3.7. The finer exterior layers are filled with appropriate speeds while
the interior regions are filled much faster and the algorithm was implemented on a Stratasys
FDM 1600 system by using the code written in C++. Experiments showed that the fill rate in the
interior region can be increased by a factor of five or more over the conventional material
deposition rates to yield around 50-80 percent reduction in build time without affecting the

surface quality or part integrity.
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Fig. 3.7 Adaptive slicing using the accurate exterior, fast interior method

Tyberg and Bohn, presented a method of slicing each part and feature independently within the
build envelope called local adaptive slicing [88]. Individual parts and part features are first
identified and then an appropriate build layer thickness for each of them was determined
separately as shown in Fig. 3.8. The result showed the elimination of most slices that do not
effectively enhance the quality of the part surface and an additional time saving of 17-37 per cent

over conventional adaptive slicing methods.

(a) Solid Models (b) Basic Adaptive Slicing (c) Local Adaptive Slicing

Fig. 3.8 Slicing results based on local adaptive slicing
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Mani et al. [118] presented the region-based adaptive slicing which allows the user to specify
distinct cusp height values for different surfaces of the CAD models. The model was
decomposed into two regions; Adaptive Layer Thickness region and Common Interface Layer
region, to be filled with adaptive and uniform thicker layers respectively, as shown in Fig. 3.9.
They used an ACIS model as input rather than the STL file and the slice data was output in the
Stratasys SLC format. Initial experimental results showed the time to manufacture the model
reduce by 23% when region based adaptive slicing was used as opposed to basic adaptive
slicing. It was also claimed that this method could be applied to heterogeneous objects by using

different slice and layer generation strategies for different material regions.

pu———9 r,é—_'—'_—%,j
= B,
/ ! ] F
| | - Hh
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| | L1 [ ]
(a) Solid models (b) Basic Adaptive Slicing (c) Region-based Adaptive Slicing

Fig. 3.9 Results of region-based adaptive slicing

3.1.3 Advanced adaptive slicing based on other format files

Jamieson and Hacker [98] used commercial software to produce the slices direct from the CAD
model. Layers with a standard and a maximum thickness were considered first, and comparing
the two, if the section of the part was not changed in a large interval, the maximum thickness
would be used. Otherwise, a new slice halfway between the standard layer thickness and

maximum thickness would be fit in for a further comparison. This process gets repeated until a
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maximum allowable layer thickness is found. This showed that direct slicing could be a benefit

while handling CAD models of different input formats.

Kulkarni and Dutta [85] developed an algorithm for determining a variable layer thickness for an
object represented in the parametric form. The normal curvature in the vertical direction is used
to determine the maximum allowable layer thickness for the surface at the referenced level with
a pre-specified cusp height. The algorithm was implemented and tested with two sample parts
built by the Stratasys 3D modeller. The comparison with uniform slicing showed that when the
cusp height was constant, the adaptive slicing took a lesser time to manufacture. Chen et al.
[119] also used the commercial software, PowerSHAPE, to create solid models for direct slicing
and the results are lines, arcs, and Bezier curves, which are more precise and easy to use on a
additive manufacturing system. Kumar et al. [90] presented a method that approximates the outer
wall between two successive contours by a series of taut cubic spline patches. Ma et al. [95]
developed an algorithm using which, a non-uniform rational B-spline (NURBS) surface model
was directly sliced with adaptive slicing in order to obtain an accurate and smooth part surface.
A selective hatching strategy was also implemented, which is similar to the region-based
adaptive slicing, to further reduce the build time. A direct method was developed for computing
skin contours for all tolerance requirements. The experimental results showed that adaptive
slicing was effective for any complex model with freeform surfaces and the selective hatching

strategy was most effective for general freeform parts with thick walls.

Another approach to adaptive slicing was through the use of the point cloud data. Qiu et al. [101]

noticed that direct slicing of point cloud data was an effective way to integrate reverse
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engineering and rapid prototyping but failed to handle complex shapes when multi contoured
slices existed. They developed a method to extract topological structure from the point cloud
data and applied to it a moving-least square (MLS) surface-based direct slicing. Two modified
topology extraction methods were developed to improve the efficiency and stability of the
process; (1) a variation of the traditional projection-based MLS surface and (2) a 2D contour
generation rectification algorithm. Case studies showed improvements in the efficiency of the
algorithm. Zeng et al. [96] developed another adaptive slicing approach based on a Layer Depth
Normal Image (LDNI) method to achieve a compromising solution for the Constructive Solid
Geometry (CSG) models. The adaptive Boolean operation was first applied to the 1D segment of
the adaptive LDNI solids and then layered loop construction was applied to the Boolean LDNI

solid consisting of a layered ordered point cloud.

While the foregoing discussion gives an impression of the developments in adaptive slicing, it
may be noted again that most of these are mere mathematical algorithms and for most part had
not been implemented in practice. The temperature of the filament and that of the substrate and
the speed at which filaments are deposited will have critical roles to play in the inter-road and
inter-layer diffusion and bonding. Further, the mechanism and mechanics of material
consolidation greatly affect the mesostructure, together with the layer thickness and the rate of
printing. These aspects need specific attention in order to be able to understand the real effects of
varying layer thicknesses. A further insight into the mechanics of material consolidation in FDM
is considered next so that the effects of varying layer thickness on the final part characteristics

can be evaluated.
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3.2 Mechanism of material consolidation and critical factors in FDM

A further discussion of the mechanism and mechanics of material consolidation in FDM is
necessary now, in continuation to the preliminary discussion presented earlier. As mentioned in
the previous chapter, FDM parts are constructed by first filling with semi-molten filament and
then consolidating the filaments with thermal energy. During the consolidation process, the
material cools, solidifies and bonds with the surrounding material. However, unlike injection
modelling, the material is only partially bonded and forms a typical meso-structure as shown in
Fig. 3.10. This type of meso-structure significantly influences the final part characteristics and as
mentioned in the previous chapter investigated and reported by different researchers [35-37, 73].
It is important at this stage to understand the means of formation of the meso-structure and the

critical parameters that play significant roles in the process.

Filament )

*\mi ds 4 l

e+

Fig. 3.10 General meso-structure of an FDM part

During material consolidation, the thermal energy drives the semi-molten strands in FDM to
form the inter-road bonds. Bellehumeuar et al. [33] divided this process into three different
stages; (1) surface contacting, (2) neck growth, and (3) molecular diffusion at interface and
randomization, as shown in Fig. 2.7, and a slightly different version is reproduced in Fig. 3.11

for better understanding. Considering observations by different researchers, and as already noted
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in chapter 2, the inter-road and inter-layer bonding process in FDM can be analysed based on
sintering or diffusion mechanisms. While both sintering and diffusion models have their own
strengths and limitations, the time spent on the unit length cannot be ignored. Further, the
diffusion model does not take the shape of the contact area into consideration, which leaves it far
from reality. Relatively, the sintering model simulates the bonding process in FDM close to the

reality and will be used in the current analysis [33].

(1) Surface contacting

_23{ KT/ g (2) Neck growth

NS (3) Diffusion and Randomization

Fig. 3.11 Bond formation process between two filaments: (1) surface contacting (2) neck growth (3) molecular

diffusion at interface and randomization

Sintering is the coalescence of particles under the action of the surface tension. Frenkel [120]
derived the first analytical model describing the rate of the coalescence occurring by viscous

flow for two identical spherical particles as:

1
2

y_<3 Ft) (Eq.3.9)
a \2pua, 4>
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where a, ag, t, y, pand I' are the particle radii, sintering time, sintering neck radius, viscosity,
and surface tension of the material respectively as shown in Fig. 3.11. However, Eshelby found
that the continuity equation for an incompressible fluid was violated in the development of
Frenkel’s model and proposed corrections, subsequently referred to as the Frenkel-Eshelby

Model, as given in Eq. 3.10.

1
I't \2

= (—) (Eq.3.10)

4
a \ua

Hopper [121-123] proposed an exact analytical solution of the Navier-Stokes equations for a
two-dimensional viscous flow driven by capillary forces acting on the free surface and analyzed
the capillary flow for two cylinders having an inverse ellipse at their cross section and presented

the following sintering models [121, 123]:

a%: (1—a)(1+a2)_% (Eq.3.11)
r 1 1 -1
— =1 [pa+prk®)| as (Eq.3.12)

Where ay is the final particle radius and a is the parameter of the inverse ellipse. Pokluda et al.

[61] further developed (Eq. 2.1) the Frenkel-Eshelby model assuming two spherical particles
sintering into each other and finally becoming a single sphere. However, this model cannot be

directly applied to sintering across cylindrically shaped strands.
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Although all sintering and diffusion models currently available suffer from limitations to be able
to simulate the physics of material consolidation in FDM close to the reality, there is one
common parameter of interest in all of them; the sintering time. Bellehumeuar et al. [33]
experimentally evaluated the typical time-dependent coalescence evolution of ABS P400
cylindrical particles. The projected areas of the particles and the variation of the diameter of the
neck formed between them were measured based on a series of photographs taken at different
time intervals as shown in Fig. 3.12. The shape of the particles is similar to the theoretical
prediction shown in Fig. 3.11. The dimensionless quantity y/a represents the ratio between the
neck radius and the particle’s radius. After prolonged exposure for sufficient time and
temperature, the overall contour in the plan view became irregular and the particles started to
merge into each other. Other than semi-solid droplets, powder particles also proved the sintering

time to have significant effects on the consolidation process [124].

* N
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Fig. 3.12 Neck growth evolution for ABS P400 at constant temperature (200°C) (Image source: Bellehumeur

et al. [33])

Sintering temperature is also another critical parameter influencing the final mechanical
properties of the FDM part. Li et al. [125] presented both theoretical and experimental results
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showing that the neck growth for ABS P400 is negligible at temperatures below 200°C. In their
theoretical model, lumped-capacity analysis was applied to model the cooling process. They also
assumed a uniform temperature distribution throughout the cross-section and the cooling process
was simplified into a one-dimensional transient heat transfer model as shown in Fig. 3.13. For
the differential element, the energy balance is as follows:

or_ (k)

pCAv—=A

— X hP(T - T.) (Eq.3.13)

wWithT =T,atx =0andt >0
andT =T, atx =oandt >0
P and A are the filament perimeter and cross-section area. h covers the effects of both heat

convection with air and conduction with foundation. P and A are defines as:

P = n(a+b) 64 — 32* N A_a—b
=1(a 64 — 1612 whnere _a+b
A = mab
P v
S |
R‘ and tip
Envelope Filament

Fig. 3.13 Schematic of deposition and cooling of a filament in FDM process ((Image source: Bellehumeur et

al. [33])
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Fig. 3.14 shows the predictions on the neck growth between strands based on their model. It can
be seen that most of the neck growth between the polymer filaments occurs within seconds
following the extrusion of the polymer and deposition on the foundation. The rate and level of
wetting that can be achieved between polymer filaments are highly dependent on the extrusion

temperature. Furthermore, material viscosity and surface tension are all temperature dependent.

————Neck radius predictions
m m m=m Polymer filament's temperature
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Fig. 3.14 Model predictions for the dimensionless neck growth profile for ABS P400 (Image source: Li et al.

[125])

Based on the foregoing discussion, it can be concluded that both sintering time and temperature
are critical parameters of the consolidation. However, these two parameters are not independent
of each other. The sintering temperature is the first prerequisite while sintering time is the

second. Only when the material reaches the sintering temperature, the neck growth initiates
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together with the coalescence between roads or layers and if the sintering time is insufficient,
poor bonding or a complete lack of bonding might occur. Again, in the actual deposition process,
both sintering time and temperature cannot be directly controlled. The sintering temperature is
mostly dependent on the temperature in the extrusion head and quickly changes depending on
the envelope or the substrate temperature, while the sintering time is directly related to the print
speed. In other words, the print speed and the extrusion temperature will have control over the
meso-structure and in turn on the mechanical properties of the FDM part. However, all the past
research reviewed so far only considers effects of sintering temperature and time in the context
of uniform layers and there is little evidence of the role of adaptive layers evaluated so far. The

next section attempts this by applying the consolidation mechanics to adaptive slicing in FDM.

3.3 Analytical modelling of the role of adaptive slicing

It is commonly believed that adaptive slicing dramatically reduces the build time both in slicing
and depositing, while maintaining the surface quality. However, only a few researchers actually
attempted to envisage the plausible effects of adaptive slicing on the mechanical properties of the
parts processed with layers of varying thicknesses. The main reason is that most of the earlier
research is focussed around mathematical algorithms and software implementations of the
adaptive slicing, and practical implementation and testing is very limited, considering the
numerous difficulties with the hardware. Commercial FDM systems work like black boxes and
allow no freedom to play with basic settings and in practice, it is very difficult to achieve
programmatically controlled and varied layer thickness from a single nozzle set-up. Ma et al. [95]

implemented layers of varying thicknesses while printing a hollow model using a Stratasys
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modeler with the thickness of the layers varied from 0.178mm to 0.508mm, but the print speed
effects were not segregated while evaluating the effects on the consolidation process. Another
interesting belief in FDM is that finer layers produce parts of better mechanical characteristics,
presumably due to finer voids and better meso-structures. Again, there is very little practical
evidence to support this too, considering that most attempts were actually made printing layers
of thicknesses beyond normal sizes. This necessitates evaluation of whether uniform thin layers
always give better mechanical properties. An analytical model is built from the first principles

here to evaluate the true role of adaptive slicing followed by experimental validation of the same.

The first step of the analysis is the choice of a certain mechanical attribute to serve as a
benchmark for the comparative evaluation of the role of the layer thickness. Flexural strength,
which is defined as a material’s ability to resist deformation under load, is one of the common
mechanical properties and represents the highest stress experienced within the material at the
point of rupture. It is often tested by three-point bending and does not require a dog-bone shaped
test piece and is used as a means of testing for the analytical and experimental work done here.
The flexural strength is the same as the tensile strength in an ideal case for which the material is
homogeneous, but in FDM, the meso-structure dominates the internal structure and will affect

the final properties of the part.

A flat piece specimen of dimensions 50 mm X 20 mm X 4 mm is considered as the basis for all
analytical and experimental investigations carried out as part of the work presented in this
chapter. Assuming pure bending and constant flexural strength, the equation for the stress from

the elementary principles of solid mechanics is:
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where M is the bending moment, d is the distance from the neutral axis, and I is the second
moment of area. In this equation, the moment of inertia, | is dependent on the cross-sectional
shape of the test part, which in turn varies with the filament size and inter-road coalescence and
will be used as a basis for the analytical evaluation of the flexural behaviour of multi-layer FDM
samples. Considering that the deposited filaments partly fuse into one another, an exact
cylindrical road is far from reality and the actual shape of each filament depends on the rate of
coalescence. In order to establish the maximum flexural strength of the specimens, the raster
orientation is taken to be axial for all test pieces. Different researchers had tried different
geometries to simulate cross-sectional areas of filaments partly fused to varying degrees.
Thomas and Rodriguez [126] assumed rectangular filaments, while Bellehumeur et al. [33]
considered elliptical sections. In the current work, a mixture of both is considered to be more
appropriate and the resulting shape of the cross section is a square with elliptical fillets and when
used to construct multilayer models, the overall cross-section looks as shown in Fig. 3.15

w m

h

(a) (d)

Fig. 3.15 Cross-sectional area of a square shape with precise filling: (a) Single layer, (b) Two layers, (c) Three

layers, and (d) Multi layers
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For this model, the second moment of area and the area of the single layer (a) are:

h*w & 50 4
_ T_ 2 — D)2 = _Z)p3 Eq.3.14
L 12+(4 1)bch + (2 -m)b ch+<4 3) c (Eq.3.14)

Ay = hw + (T — 4)bc (Eq.3.15)
For the multi-layer model, the equations become:

For each of the areas

Is = — 1 (Eq.3.16)
1
ATLS =%A1 (Eq317)

For a model with m rows and n layers the MI of the whole area is:

k 2
h h
I, = nml,; + ZmAnsz [ﬂ + E(i — 1)] when n=2k,k €N (Eq.3.18a)
—
L f h ,
lk I, = nml,s + 2mAnSZ [E (i— 1)] when n=2k+1,k€N (Eq.3.18b)
i=1

After simplification and substituting for I, (Egq. 3.16) and A, (Eg. 3.17), these equations

become,
1 Ah? 2k — Dk(2k + 1
L, == 13 ( ok( ) whenn = 2k, k € N (Eq.3.19qa)
n n 6
1 AR?kQk -1 (k —1
Iy==0hL+ 7113 ( 3)( ) whenn=2k+1,k€EN (Eq.3.19b)

The final equation for the moment of inertia of the model with m rows and n layers is:
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1 Ah?\ Ay h?
In—ﬁ<11— > >+ > (Eq.3.20)

This equation also depicts the upper limit of the Moment of Inertia for the FDM part in

accordance with the mathematical expression:

12 12 12

n-o N

1 Ah?\  A;R? Ah?
Ioozlim—2<11— ! ) =

Substituting I; (Eq. 3.14) and A, (Eq. 3.15), Eq. 3.20 can be expanded as follows:

57 4 h?

12/
b= |5 (G~ 1) beh® + @ = mbZeh + (- =3 ) b3c| + T [w + (e = Dbe] (Eq.3.21)

This is the general equation for the second moment of area for a multi-layer and multi-strand
rectangular object based on geometrical considerations. However, this needs to be considered
together with the inter-road and inter-layer coalescence now. As already mentioned, the Frenkel-
Eshelby model could be used to predict the inter road sintering phenomena in FDM and will be
applied here. If the print speed is kept constant, time elapsed for a unit length of deposition is the
same. Viscosity and surface tension of the material are temperature sensitive material properties,

but if the same material is used with different thicknesses, Eq. 3.10 can be written as:

1
2

C_(Ft) Yy w—2c h—-2b
=) =3~ =

(Eq.3.22)

where C is constant here and for an ideal case, 0 < C <1.

Further,
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_h(1-0)

b 2

(Eq.3.23)

w(l-0)
c=——_*/

Eq.3.24
3 (Eq )

Substituting b (Eqg. 3.23) and ¢ (Eq. 3.24) in Eq. 3.21,

I, = h3w [1

E-1D)a-or+ie-na-0P+=(E-Ha- o+ 221 +

n? le 16\4 3 12

md—11-C2 £g.3.25

In order to better understand the model, viscosity and surface tension of the material, which is
ABS in this case, need to be considered. For this, the viscosity and surface tension data for ABS
P400, as reported by Bellehumeur et al. [33] can be used in Eq 3.22. The speed at which the
filament is printed must be the same as the speed at which it is extruded and it must allow the
smallest of the filaments to coalesce. Considering a specific print speed, v, Eq. 3.22 can be

rewritten as:

r mnl \ 2 r 1
[ Tvmnl| _ (1N >2
c=|-m) - <_,uhv (Eq.3.26)
)

Where n, m, I, and h are the number of layers, number of roads, part length and part height

respectively.

This equation for C allows predicting the influence of speed of printing on the rate of
coalescence between adjacent strands and also on the second moment of area, when used in Eq.

3.25, considering different filament sizes, for a multilayer component. In this case, the sintering
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time becomes a function of print speed and the number of layers. With the print speed kept
constant, if the number of layers is increased (layer thickness decreased), the total time of
printing the sample of given dimensions increases and so also the time for inter-road and inter-

layer coalescence at any given geometrical location.

Fig. 3.16 depicts variations in C and I with varying number of layers for a given speed of
printing; 60 mm/s. While printing with a fixed speed, the higher the number of layers, the higher
is the coalescence and the better the second moment of area due to the excess time available. For
a test piece of given dimensions, as fixed earlier in this section, the filament size varies with the
number of layers. As the filament size varies, the deposition head needs to adjust the extrusion
speed and the X-Y gantry of the FDM system needs to match the printing speed, to keep the

speed of printing the same.

This result indicates that adaptive slicing with finer slicing results in better part strength, apart
from improved surface quality due to reduced stair-step effects, as reported in the literature.
After a certain number of layers, the inter-strand voids become much smaller, giving almost a
full dense material structure and the coalescence approaches unity. As the coalescence increases,
the second moment of area reaches its upper limit as mentioned above and the curve representing
the variation of I becomes almost asymptotic with the horizontal axis as dictated by the overall
dimensions of the part. Alternatively, for the same part with the same dimensions, printing by
thicker layers with the same fixed speed would result in an overall reduction of the total time of
printing. This leads to lesser inter-road sintering times and consequent loss of mechanical

properties.
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Fig. 3.17 Coalescence, second moment of area, and bending load vs. print speed based on the model for print

speed effects (No. of layers = 10)

The same equations are now used to ascertain the effects of speed explicitly. Fig. 3.17 predicts

variations in C and I with increasing speed of printing, for a given filament size. In this case, the

filament size corresponds to the diameter needed to make the standard test specimen with 20
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layers, which is equal to 0.2 mm in this case. As evident, with the given filament size, C and
consequently I decrease with increasing print speed. Evidently, the higher the speed, the lesser is
the time available for a unit length of the filament to coalesce with the adjacent filaments and the

lesser is the value of C.

In the FDM process, the temperature of the filament remains above the glass transition
temperature for a relatively long period of time. Under such conditions, the intermolecular
diffusion occurring across interfaces is an important mechanism to consider. The interface
between filaments gradually disappears and mechanical strength at the interface develops. This
phenomenon was mentioned by Thomas and Rodriguez [126]. A macroscopic recovery function
(normalized fracture toughness), R(t), is defined for isothermal conditions in terms of the
convolution between an intrinsic healing function for wetting and diffusion, R, (t), and a wetting

distribution function, ¢ (t):

d¢>(t)d _K@®
a Tk,

t
R(t) =J R,(t—1) (Eq.3.27)
0

Where K(t) is the interface toughness after time t seconds at some constant temperature T, and
K, is the fracture toughness of the original material. The convolution integral represents bonding
as the sum of wetting and diffusion processes initiated at different times. The intrinsic healing

function Ry, (t) is given by:

N

Ru(6) = Roy (1= Ro) (Eq.3.28)

)
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Where R, is the normalized toughness that develops on wetting and t,,(T) is the reptation time

as a function of temperature, T.

Although healing influences the mechanical properties of the final FDM part, it is essentially the
inter-road and inter-layer coalescence that has a predominant role. If the neck formation is
insufficient or improper, bonding with thicker layers is also weaker even when the healing time
is infinite. In other words, the neck growth and associated coalescence are mainly responsible for
the mechanical properties of the FDM part and calescence in turn depends on the sintering time
between roads and layers. This theoretical model proves that thicker layer deposition will
weaken the bonding of the FDM part if they are printed with the same speed as the thinner layer.
As a conclusion of this section, the adaptive slicing method employed using thicker layers in

specific zones helps reduce the total build time, but results in inferior mechanical properties.

3.4 Time-dependent analytical modelling of the role of adaptive slicing

Based on the geometry of the meso-structure together with the coalescence considerations, it was
evident that thicker layers, while reducing print time, might lead to inferior mechanical
properties, while thinner layers may result in better properties, if the speed of printing of a unit
length of the filament is the same in both cases. It is pertinent to point out that inter-road and
inter-layer coalescence depends on both sintering time and temperature. The sintering
temperature is the result of the envelope temperature and the temperature of the freshly formed
layer, which will eventually be fixed at a particular value, depending on the fused material
system. If this temperature is too low, both neck-growth and sintering will be adversely affected

and if too high, surface tension forces will not allow formation of proper meso-structures. In
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other words, this parameter cannot be independently varied greatly, and depending on the
material system, needs to be fixed at a certain level, though in actual practice, there may be
variation over a narrow range. On the other hand, sintering time is an independent parameter that
can be controlled by varying the print speed. The overall impression from the previous section is

that the part strength is better with higher sintering times.

However, it should be noted that the print speed does not necessarily remain constant while
printing an adaptively sliced object. In other words, a part with thicker layers can be printed
slower compared to printing the same with thinner layers, and depending on the total time of
printing, the end result in terms of the part strength may be in favour of any of the two
approaches. Eq. 3.10 is now modified using the total time required for printing a unit length of

the filament of a given size:

1
r ttotal 2

l—mh" (Eq.3.29)

Hn

Q<

According to Agarwala [110] and based on the popular belief, the roller speed and the filament
feed rate are determined by layer thickness, road width and the speed of movement of the
extrusion nozzle. This may prove to be true with relatively thin layers, but with thicker layers,
the thermal energy associated with the filament also needs to be taken into consideration. The
geometrical and process conditions used should allow the filament to absorb enough thermal
energy to ensure that all particles reach the sintering temperature, which requires the thermal
properties of the material to be given due consideration. In other words, once the heating element

is fixed, and a specific material is selected, the roller speed and consequently the print speed are
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fixed, and there is limited freedom to change the layer thickness, without altering the internal
thermal energy conditions. This was one of the reasons adaptive slicing was not effectively

implemented in practice in the past.

Considering the internal mechanism of material processing of the deposition head in FDM, the
speed of extrusion and the flow velocity of the filament need to be synchronised in order to
achieve a given speed of printing. Considering two nozzles with diameters d; and d, as shown
in Fig. 3.18, assuming that the material is fed by the same motor with the same speed (extrusion

speed), the volume of material displaced by the piston is the same for a total given time.

Q Q

V1 V2
d1 d2
(a) (b)

Fig. 3.18 Two nozzles with different diameters

The relationship between the volume of the material, extrusion speed in the tip to the nozzle and

the nozzle diameter can be described as:

— Vs (Eq.3.30)
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Where Q is the volume of the unit flow, d,, and d, are nozzle diameters in (a) and (b), and

Veq and v, are extrusion speeds at the tip of the nozzle.

Then the relation between the extrusion speeds with different nozzle diameter is:

2
Ver dp
—_—=— (Eq.3.31)
UeZ d12
Based on the volume continuity,
nd12 ndzz
Aplvpl = Tvel = Q = Apzvpz == Tvez (Eq 332)

where v, , v,,, Ay, and A,, are the print speed and the cross-sectional area of the road

respectively in Fig. 3.18 (a) and (b).

In order to simulate variations of filament forms close to reality, the shape of the cross-sectional
area of the road was assumed to be as shown in Fig. 3.19. The width and the thickness of the
cross-sectional area in Fig. 3.19 (a) are in the same linear portion to their counterparts in Fig.
3.19 (b). Assuming that the ratio of the two cross-sectional areas to be equal to I, as earlier, the

relationship between v,,; and v,, becomes:

2
Upt  Ver dy

(Eq.3.33)
sz VUe2 d12
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Fig. 3.19 Road shape of each cross-sectional area in two different nozzle settings

When a number of strands are used to constitute the cross-section, the ratio number of rows to

number of columns is taken as j,

m
— = Eq.3.34
—=]J (Eq.3.34)

In order to understand the influence of the time factor, the mathematical model developed earlier
needs to be revisited now. Previously, C is assumed to be constant based on the time ¢ spent on

the unit length of the road to be the same. The expression for the total time is as follows:
trot = Imnt = ljn? (Eq.3.35)

The expression for C derived as a function of the total time in Eq. 3.29 is simplified as given in
Eq. 3.36. For a given part dimensions, with a fixed total time, the time for printing a unit length
and consequently the print speed will change as the filament size varies.

1
2

y (rttotal>
C=== Eq.3.36
e~ \wihn (Eq )
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Further, the expression for the second moment of area as a function of C will take the same form

as Eq. 3.20, and is repeated below for convenience:

B h3w

n

[l(f—1)(1—c)2+%(2—n)(1—6)3+i(5—”—f)(1—6>4]

n? 16 \4 16\4 3

3
+hl—;v[1 +(%— 1) (1-0)?]
(Eq.3.37)
These equations allow evaluation of effects of varying total time and filament sizes on the values
of C and the moment of inertia. First, considering the variation of number of layers, Fig. 3.20
shows both C and I decreasing with increasing number of layers, for a given total time of
printing the test piece which is 75 second in this case. The total time being fixed, the speed of
printing increases with increasing number of layers, allowing lesser time for a unit length of
deposition, and lesser coalescence. It may be noted, this trend is an almost reversal of that shown

in Fig. 3.16. Thus, while contradicting each other, the time factor and the speed of printing also

interact with the filament size.

It is also interesting to note the influence of the total time with the filament size fixed at a
particular level. Fig. 3.21 presents variation of C and | with increasing total time of printing, with
the number of layers fixed at 10. For a given filament size, the more the time given to complete a
part of given dimensions, the lesser are extrusion and print speeds, and the better will be the inter
road coalescence and the moment of inertia. This result is again a reversal of the trend shown in

Fig. 3.17, where increasing print speed has an adverse effect on the coalescence.
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Fig. 3.21 Coalescence, second moment of area, and bending load vs. total time based on the model for print

time effects (Number of layers =10)

Based on predictions from analytical models, it is evident, the print speed, time of printing and
the filament size have compounding effects on the final strength of the part, when varied
together. The end result evidently depends on the actual combination of these parameters for a

given part. The existing literature only talks about the possible improvements in the surface
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quality with adaptive slicing, neglecting significant effects on other aspects such as the part
strength. From the observations of the results of the analytical models developed here, it is
apparent that true benefits of adaptive slicing can only be realised by properly adjusting the three

process parameters so as not to compromise on the mechanical characteristics.

Evidently, the modified analytical model precludes the direct influence of speed and allows
highlighting the significance of printing time. The total printing time is a function of both print
speed and the length of the deposition path. For a fixed total printing time, it is clear that thick
layers result in better mechanical properties compared to thinner layers, much against the
popular belief in adaptive slicing literature. However, the analytical models need some form of
experimental validation at this stage and the next section presents results of three point bending

tests designed for this purpose.

3.5 Experimental evaluation of adaptive slicing

Three point bending tests are designed to validate the analytical models presented in the previous
section. Test pieces for three point bending need to be printed with varying speed and total build
time of printing, to be able to provide direct experimental support of the analytical models. As
already mentioned, a true practical implementation of adaptive slicing involves synchronising
the rate of extrusion of the polymer from inside the hot chamber with the X-Y motion while
simultaneously changing the nozzle heads to achieve deposition strands of different diameters.
Considering hardware limitations to programmatically achieve this, experiments are mainly

designed to establish influences of layers of varying thicknesses printed at different speeds.
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While allowing for almost no freedom to adjust process parameters, commercial FDM machines
also do not allow the layer thickness to be more than 0.5mm. Make-shift test facilities could be
built, but will have limitations on the quality of controlling the parameters. After trying a couple
of options, a Makerbot cupcake CNC kit [127] was finally procured and assembled. It uses a
heated metal plate as the platform for printing, allowing for the temperature of the substrate to be
controlled. The injection head draws ABS feed rod of 3 mm diameter to extrude through a
heated nozzle of selected size. The arrangement of the print head and the heated platform is
shown in Fig. 3.22. Without a closed enclosure, the healing process [62] might affect the internal
bonding of the meso-structure to some extent, but healing is also a function of time and depends
on the coalescence. With speed of printing the same, if parts printed with thicker layers perform
better than the thin layered ones, it would mean that the theoretical predictions are correct in

capturing the influences of time-dependent coalescence.

Heating
Element

Tip

- Platform

Lupcake CNC

Fig. 3.22 The experimental setup
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In order to be able to satisfy the thermal energy requirements, the extrusion speed is set constant
at a rotational speed of 255 rpm for the main feed drive motor, regardless of the diameters of the
nozzle. This is equivalent to an extrusion speed of 7 mm/s for the filament. The temperature for
the heating element was set at 225°C and tested to be at 215°C to 220°C at the tip. This
temperature is the recommended setting for the Makerbot system and is also in accordance with
the test results by Bellehumeuar et al. [33], stating that the coalescence process would stop if the
temperature is under 200°C with ABS P400. The temperature of the heated platform is set at
100°C and is tested to be actually varying from 100°C to 110°C. This is to ensure that the FDM
test pieces stay just above the glass transition temperature and provide a soft substrate for
subsequent layers to be effectively coalesced into one another. This will also minimise the
shrinkage of the bottom layers and allow for better attachment of the test pieces to the heating
platform. Without the heating platform, the shrinkage difference between the layers would cause
shear stresses and lead to the corner lifting phenomenon. In order to be close to the commercial
use of the technology, natural ABS polymer is used as the test material with mechanical

properties as shown in Table 3.1.

Table 3.1 Mechanical properties of the test material (ABS)

Physical Properties Metric Comments
Density 1.03 g/cm’® ASTM D792
Tensile Strength, Yield 37.7 MPa ASTM D638
Elongation at Break 30.0% ASTM D638
Tensile Modulus 2.46 GPa ASTM D638
Flexural Modulus 2.14 GPa ASTM D790
Flexural Yield Strength 60.7 MPa ASTM D790

109



Nozzles of two different diameters are used in this experiment; 0.5 mm and 1.0 mm, allowing for
the thinner and thicker versions of layers. For each printing trial, the nozzle of the appropriate
diameter is fixed to the extruder tip and the DC motor is driven with a pre-set constant speed to
keep the thermal energy evenly dissipated to heat the polymer particles inside and produce the
semisolid filament with consistent mechanical and thermal characteristics. The inter-road gap is
set to provide a 10% overlap in order to minimize the voids and also increase the degree of
sintering. The first step is to establish the significance of speed of printing on the resulting
mechanical characteristics and verify the results presented in Fig. 3.17. There are two critical
speeds that can be controlled in FDM; the extrusion speed, which is internal to the deposition
head and then the actual printing speed, which depends on the speed of movement of the X-Y
gantry. Both of them need to be controlled and synchronised in order to achieve a given print
speed, as the continuity of material flow needs to be maintained. Test pieces of the same
dimensions as used in the analytical models (50 mm X 20 mm X 4 mm rectangular specimens)
are printed with the print speed varying from 35 mm/s to 75 mm/s with the 0.5 mm filament and

13 mm/s to 15 mm/s with the 1 mm filament.

Three-point bending tests are implemented on a Tinius Olsen tester, on which test specimens are
horizontally placed between two triangular supports spanned at 44 mm. Compressive load is
applied at a constant rate of 10mm/min until the maximum load is reached. While testing, all
specimens are observed to exhibit similar deformation characteristics; the bottom most surfaces
begin to bend and the colour of the area opposite to where the load is applied changes to dull
white from ivory. Both the deflection and change of colour increase with the load, until the test

piece finally fails. Two types of fracture are observed; some specimens showed obvious cracks
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in the dull white area while others exhibited continuous dull white strands. The maximum
compressive load is considered as the point of failure and the results of these bending tests are

discussed next.

The variations of the average compressive loads under three point bending tests with thin layer
samples produced with varying print speeds are recorded as shown in Fig. 3.23 to 3.28 while the
maximum compressive loads are further consolidated in Table 3.2. The average compressive
load may be observed to decrease with increasing print speed due to decreasing time allowed for
inter-road coalescence. Average values of maximum compressive loads obtained for various
printing speeds and times listed in Table 3.2 are then used for the plots shown in Fig. 3.29, with
the corresponding graphs based on analytical models juxtaposed, for a direct comparison. Due to
practical limitations with the experimental setup, the print speed could only be varied within a

narrow range.

The maximum compressive load taken by a sample gradually decreases with increasing speed, as
inter-road and inter-layer sintering reduce. A comparison of the two results in Fig. 3.29 reveals
close correlations between analytical predictions and experimental results within the ranges of
experimental factors. However, the experimental values tend to deviate much from the
predictions by the analytical model at lower total time settings, or higher print speeds, which is
probably due to problems associated with the synchronization of the extrusion and the actual
print speeds; a limitation of the current test setup, using a relatively low torque DC motor, which
came along with the Makerbot machine, to drive the polymer extrusion. Also, varying thermal
conditions might be playing specific roles, though sufficient care is taken to keep thermal

variation at a minimum.
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Fig. 3.28 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

60 mm/s
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Table 3.2 Results from three point bending tests on specimens produced with thin layers of 0.5 mm thickness

Print . . Build
Maximum Compressive Load (N) Average | Equivalent | Standard |
Speed o Time
(mm/s) Part1 Part 2 Part 3 Part 4 (N) Load (N) deviation (sec)
35 566.666 | 490.333 | 487.666 | 548.333 | 523.250 263.937 20.31 507
40 421.333 | 432.666 | 456.000 | 443.000 | 438.250 | 272.7986 9.20 452
45 363.000 | 369.666 | 357.666 | 368.000 | 364.583 263.952 3.92 407
50 313.000 | 279.333 | 303.333 | 295.000 | 297.667 280.580 13.58 374
55 294.666 | 290.333 | 282.000 | 273.666 | 285.166 276.303 9.28 339
60 252.000 | 250.000 | 245.333 | 233.000 | 245.083 241.515 8.40 313
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Three point bending test results based on thick layer specimens are obtained similarly as

depicted above and the results are consolidated in Table 3.3. As in the case of the thin layer

samples, it is evident that the higher the speed of printing, the lesser is the average compressive

load. Further, the analytical predictions and the experimental results with thick layer samples

also closely correlate, as shown in Fig. 3.30.

Table 3.3 Results from three point bending tests on parts produced with thick layers of 1.0 mm thickness

Print Maximum Compressive Load (N) _ )
Equivalent | Standard Build
Speed Average o _
Partl | Part2 | Part3 | Part4 Load (N) | deviation | Time(sec)

(mml/s)

9 373.666 | 378.666 | 347.000 | 344.000 | 360.833 | 276.502 13.81 576

10 318.333 | 286.333 | 295.333 | 316.333 | 304.083 | 274.301 14.21 514

13 294.666 | 321.666 | 321.000 | 317.666 | 313.750 | 298.658 12.24 386

15 273.666 | 255.666 | 269.333 | 265.000 | 265.916 | 268.602 7.77 343
N ~—~ 350
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Fig. 3.30 Comparison between analytical predictions and the experimental results using thicker layer

printing (layer thickness of 1.0 mm)
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The experimental data developed can also be used to ascertain the time-based model within

narrow ranges. For this, the average compressive load data for specific print conditions from the

above tests is collated and presented in Table 3.4. It may readily be observed that the average

performance of thick layer samples is slightly better than the thin layer samples for a given build

time, which is in accordance with the analytical results discussed earlier. This proves the

hypothesis that print speed and time dependent coalescence must be considered together, while

ascertaining the roles of alternative printing and slicing strategies in FDM.

Table 3.4 Comparative performance of thin and thick layer samples with different build time settings

Build Time 510 sec
Layer . . .
Thickness Equivalent Flexural Yield Print Speed _Actual
(mm) Load (N) Strength (MPa) (mm/sec) Time (sec)
0.5 263.937 54.44 35 507
1.0 276.502 57.03 10 514
Build Time 380 sec
Layer . . .
Thickness Equivalent Flexural Yield Print Speed _Actual
(mm) Load (N) Strength (Mpa) (mm/sec) Time (sec)
0.5 276.303 56.99 55 374
1.0 298.658 61.60 13 386
Build Time 340 sec
Layer . . .
Thickness Equivalent Flexural Yield Print Speed _Actual
(mm) Load (N) Strength (Mpa) (mm/sec) Time (sec)
0.5 241,515 49.81 60 339
1.0 268.602 55.40 15 343

Further to experimental validations of both models proposed, the general trend in the variations

of the bending stress with both speed of printing and total time of printing are depicted in Fig.

3.31. For a given speed of printing, thin layers lead to longer times and better coalescence but the
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total build time would be high. For a given total time, which is the combined result of the length
of the tool path and the speed of printing, thicker layers mean longer sintering time and better
coalescence. Both models have their merits, it is necessary to use the most appropriate one, to

provide meaningful explanations in a given situation.

While using uniform flat layers, the speed based analytical model could be used to predict the
proper print speed setting for given levels of mechanical properties. When adaptive slicing is
used, for example, as suggested by Sabourin et al. [86], with thinner layers for the exterior and
thicker layers for the interior, the total time of printing can be utilized to predict the overall part
quality and achieve optimum settings for the best surface quality together with a minimum print

time, without compromising much on the mechanical attributes.

60
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Fig. 3.31 Stress vs. print speed and print time on prediction produced with layers of thickness 0.5 mm and 1.0

mm (part size 50mm X 20mm X 4mm)
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In conclusion, numerous adaptive slicing schemes targeting better parts are reviewed in this
chapter, but identified to be mere mathematical models, with very little or no theoretical or
experimental substantiation. The coalescence model for the inter-strand bonding condition is
reviewed and two important factors influencing the bonding inside the FDM components are
identified; sintering temperature and sintering time. Mathematical models based on moments of
inertia of cross sections of specimens used in three point bending tests are developed giving due
consideration to the meso-structures. Effects of adaptive slicing are evaluated with the time
dependent variation of the inter-road coalescence. Analytical models predict the moment of
inertia and consequently the bending strength of parts to decrease with increasing print speed and
increase with increasing total print time, for a given filament size. Experimental results also
confirmed the analytical predictions. With the time dependency of coalescence considered, it is
evident that thicker layers actually give better mechanical properties, for a given total print time.
Overall, adaptive slicing has a definite role in influencing the final part characteristics, but the
true significance can only be realized by giving due consideration to the speed of printing, the

time dependency of inter-road coalescence and the overall meso-structure.
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Chapter 4 Raster orientation effects in FDM

4.1 The role of the raster angle in FDM

Unlike an injection moulding part with an isotropic structure as in Fig. 4.1(a), the common
internal structure of a FDM part is anisotropic in nature, as depicted in Fig. 4.1(b). As already
mentioned, the final mechanical properties of the FDM component are significantly influenced
by the internal meso-structure. Experimental evaluation of the influence of the mesostructures
showed significant influences on the stress-strain responses. Coalescence between adjacent
filaments was analysed using the classical Frenkel-Eshelby model together with appropriate
thermal models. With general FDM, it was observed that the extruded filaments are not usually
at the required temperatures long enough for the coalescence between adjacent strands to be
complete. Experimental results showed the moduli and strength values to be lower than those of
the ABS monofilaments as well as the injection moulded parts. Gray et al. [128] reported the
effects of fibre orientation on the stiffness and strength of ABS and a novel fibre reinforced
polypropylene (short thermotropic liquid crystalline polymer fibres), processed through FDM.
Tensile modulus values of ABS monofilament and ABS processed through fused deposition

modelling were reported to be 2.07 GPa and 1.55 GPa respectively with a 0° fibre alignment.

The actual mechanism through which the internal meso-structure influences the characteristics of
a FDM part is complex and involves both individual and combined effects of different
parameters. Several attempts were made in the past to identify the most important parameter

affecting the meso-structure, considering the deposition strategies and process parameters. The
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most significant of all these is the raster orientation. Five important control parameters primarily
determine the strength of a FDM processed component; layer thickness, part build orientation,
raster angle, road width and air gap. As mentioned in Chapter 2, the anisotropy properties are
caused by the polymer molecules aligning themselves with the direction of flow, formation of
pores in preferred orientations and weak interlayer bonding. It is confirmed that the part strength
Is affected by the raster orientation while the fracture of the part is controlled by either weak
interlayer bonding or porosity, or both, based on three-point bending and impact tests [119].
Other research results [37, 47, 52, 78, 80, 111] also confirm that the raster angle plays a more
significant role in controlling the mechanical properties, compared to other parameters, such as

layer thickness, road width, speed, temperature, air gap etc.

(a) (b)

Fig. 4.1 Process-dependent material structures (a) injection moulding part and (b) FDM part

Evidently, the raster angle plays an important role in influencing the meso structures and
eventually, the mechanical properties. As a result, the choice of the raster angle in a given layer

is important, as also the variation of raster orientations across different layers. Typically,
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alternate layers are built with raster directions at 90° to one another. Such a strategy maximises
the material packing while minimising the number of voids between roads and layers. Depending
on the complexity of a given closed loop feature in a layer, there may be more than one raster
segment. Considering the plausible complexities, the analysis presented here is confined to a

single raster segment for each layer and parallel raster orientation patterns in successive layers.

Ahn et al. [111] developed the anisotropic failure model of ABS parts produced by the FDM
process mainly considering the effects of the raster angle. The Classical Lamination theory was
used to calculate stresses in the material for given loads assuming a thin plate as shown in Fig.
4.2 to be in plane-stress. Using plane stress conditions in the lamina together with Tsai-Wu
Failure Criterion a mathematical model was developed to predict the failure of the FDM parts
under tension. The stiffness matrix derived constitutes of three parts; the extensional, coupling,
and bending stiffness matrices. They treated the layer as a homogeneous solid medium, ignoring
the coalescence effects. Based on experimental validation, this anisotropic model was reported to

be reasonably well in predicting the failure of FDM parts.

Fig. 4.2 Definition of coordinates in a plate (Image source: Ahn et al. [111])
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In similar lines, Li et al. [78] also used the classical lamination theory to find the relationship
between the raster angle and mechanical properties. The tensile modulus of the FDM part was
used as the criterion and considered the ply orientation to be symmetric about the centreline of
the laminate. The effect from the ply above the mid plane would be cancelled by the identical ply
below the mid plane. In this case, the coupling stiffness matrix B equals to zero and there is no

extension-bending coupling. Therefore,

&x Ny
gy | =[A1| Ny (Eq 4.1)
%?y Nyy

For a uniaxial tensile load applied in the x direction and laminate thickness h , N, = ha, N,, = 0

and N, = 0. Thus, the mid plane Young’s modulus along the x direction can be determined as,

1

E, =——
¥ [A7]1h

(Eq 4.2)

The FDM parts were also considered as composites of partially bonded ABS filaments and voids
and a new set of equations were proposed to calculate the elastic constants, by gathering the
elastic modulus, Poisson’s ratio and shear modulus along longitudinal and transverse directions,

as follows:

Longitudinal tensile modulus
E; =1 -p)E (Eq 4.3)
Transverse tensile modulus
E; ={(1 = pr)E (Eq 4.4)

In plane shear modulus,
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G2 =¢'(1—p2)G (Eq 4.5)
In plane Poisson ratio,

Ui =V (Eq 4.6)

where E and G is the Young’s modulus and shear modulus of the plastic filament, p, and p, are
the area void density in the plane normal to filaments and the linear void fraction along the

transverse direction, ¢ and ¢’ are the empirical factors equal to 0 to 1.

E;, E,, G,, and v, were tested by strain gauges set at different orientations. The relationship
between the resultant tensile modulus Ex>” in the x direction the tested parameters were obtained

as:

(Eq 4.7)

This relationship was considered as the theoretical model to predict the variation of the tensile
modulus with the raster angle. Experimental evaluations were also done using four different
raster angles: [0°/90°], [30°/-60°], [45°/-45°] and [15°/-75°] and the results are in close correlation

with the theoretical predictions as shown in Fig. 4.3.

Evidently, there is a definite relationship between the raster angle and the mechanical properties
of FDM parts. Though experimental and theoretical results were obtained and correlated, the
lamination theory applied to a stack of layers with criss-cross orthographic raster orientations
across successive layers may not be truly representative of the actual role of raster orientation.

Further, the above model assumes symmetrical raster patterns and layer structures on either side
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of the central plane. Considering the highly anisotropic nature of the composite material
constituted of partly coalesced intricate network of polymer strands interspersed with air gaps,
this appears to be over simplifying the problem. The analytical approach followed in the current
research is based on the hypothesis that elastic and shear moduli of the material structures
resulting from extrusion 3D printing vary with varying raster angles and coalescence ratios.
Also, the model by Li et al. [78] uses moduli established from two extreme directions
(mesostructure-based material properties), to predict the effects of raster variations. Ideally, the
mathematical model should be able to predict the effect of varying raster angles from the known
properties of a mono filament. This is attempted in this chapter by applying the elastic plane

stress theory to a single strand with different orientations.
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Fig. 4.3 Tensile modulus vs. Raster angle orientation (Image source: Li et al. [78])
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4.2 A preliminary experimental assessment of the role of raster angle

Before delving deeper into the raster angle mechanics, a simple experiment is devised to
understand the actual role of raster angle on the mechanical characteristics of FDM parts. All
commercial FDM systems employ either orthographical cross, or unidirectional (either 0° or 90%)
raster settings. Such restricted settings limit the research freedom and for similar reasons, the
theoretical models developed by Li et al. [78] ignored the coupling and bending stiffness
matrices. This is tantamount to ignoring the inter-layer torsional effects, but as the raster angle
varies, torsional effects become more significant and obvious. In order to capture the actual role
of the raster angle, specimens are printed with the same raster angle in all the layers of the test
specimens of the current experiments. Ideally, single layer samples would best suit to capture the
influences of raster angles, but there are practical difficulties like over-filling at the ends of raster
paths and insufficiently connected strands, apart from the difficulties in extracting the samples

from the printer base, without disturbing the fragile strand structure of a single layer sample.

Different materials testing standards were employed earlier for testing FDM samples. While
Croccolo et al. [58] used the common ASTM D638 with the dog bone shaped specimens,
considering the close resemblance to the structure of a composite material, Ahn et al. [47]
suggested ASTM D3039, requiring rectangular test pieces. Based on similar considerations that
FDM parts will have both ABS material and the air gaps interspersed, giving a typical internal
mesostructure and also the ease of printing, ASTM D3039 07 [129] is employed as the standard
procedure for the current experiments involving tensile testing of ABS samples printed by FDM.
The test specimen selected is a 50mm X 20mm X 4mm rectangular block. The CAD file of the

specimen is created and then converted into a .stl file, which is subsequently processed using a
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MATLAB program to develop uniform flat layer slices and the deposition path data with specific
raster angles. Tool paths are generated with raster angles 0°, 15°, 30°, 45°, 60°, 75°, and 90° as
shown in Fig. 4.4(a). The layer thickness is set as 0.4mm while the road width is 0.5mm. The
extrusion nozzle diameter is 0.5mm. The diameter of the extruded strand expands slightly and
measures around 0.55 mm, due to the swelling phenomenon, as mentioned by Bellini [38]. This
provided the overlapping between roads and is equivalent to an air gap setting of -0.03 mm. This
also increases the contact area for the inter-road coalescence. Test specimens with all selected
raster angles are built on a FDM test setup based on the modified Makerbot CNC system
described in the previous chapter and the samples printed with 10 layers each are as shown in

Fig. 4.4(b).
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Fig. 4.4 Test specimens with unidirectional orientation
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Based on the experimental conditions stated above and using Eq. 3.36, the coalescence for the
test samples was calculated to be between 56 and 62 per cent. Further, SEM photographs are
taken as in Fig. 4.5, to show the meso-structure of the test pieces made and also indicate the
time-dependent coalescence and inter-strand diffusion as reported by Rodriguez et al. [126].
Using the photomicrograph of Fig. 4.5, the inter-road coalescence could be estimated to be

around 55 to 60 per cent, which is close to the theoretical value calculated using Eq. 3.36.

e i, U

5.0kV 17.0mm x60 SE(M)

_—

Fig. 4.5 meso-structure of the FDM test specimen

Tensile tests are conducted on the test pieces produced using a Tinius Olsen tensile testing
equipment. Specimens are clamped with suitable vices as shown in Fig. 4.6 at either end and
slowly pulled at a velocity of 0.1 mm/s until fracture or the maximum possible loads are reached.
Ultimate tensile strength is the target response from these tests, and so, only load-elongation
curves are generated. After the tensile test, two phenomena are commonly observed; first, the
crack usually follows the raster angle direction except for 90°, but the location of the crack
varied randomly in similar lines to Ahn’s failure model [111]. This is probably direct

experimental evidence in support of the hypothesis that the raster angle affects the mechanical

127



properties of FDM parts. Second, there is no obvious necking phenomenon occurring in most
test specimens before fracture. The load elongation plot as in Fig. 4.7 also shows that it is mostly
elastic deformation almost until the ultimate point, with no strain hardening region in the curve.
The small kink in the curve at around 600 N is possibly due to a few snapped strands of the test
specimen. Otherwise, this trend is similar to the typical stress-strain curve of an ABS injection

moulded part [130].

Fig. 4.6 Experimental setup during a tensile test

Ultimate tensile load results obtained with different specimens of varying raster angles are listed
in Table 4.1. The ultimate strength decreased with increasing raster angles. The maximum and
minimum loads are 2476.67 N and 806.67 N obtained with 0° and 90° raster angles, respectively.
However, the ultimate load plot against the raster angle, as shown in Fig. 4.8(a), is not linear; the
gradient is low from 0° to 30°, very steep between 30° and 60° and then lowers again at still
higher raster angles. The ultimate strength vs raster angle plot shows a similar trend as depicted
in Fig. 4.8(b). The maximum and minimum stresses are 30.79 MPa and 10.08 MPa obtained at

0° and 90° respectively, resulting in a reduction from 81% to 26% of the ultimate strength of the
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ABS properties as shown in Table 3.1. While the ultimate load and stress as depicted in Fig. 4.8

(@) and (b) clearly establish the significant role of raster orientation on critical mechanical

attributes, it is interesting and important to understand the mechanics of these effects through a

theoretical formulation as attempted next.
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Fig. 4.7 Load-elongation curve from the tensile test

Table 4.1 Tensile test result for different raster orientation

Raster | Specimenl1 | Specimen?2 | Specimen3 | Average Load Stress
Angle (N) (N) (N) (N) (MPa)
0° 770.000 848.333 801.666 806.666 10.08
15° 833.333 805.000 1155.000 931.111 11.64
30° 1110.000 1120.000 1015.000 1081.667 13.52
45° 1318.333 1513.333 1568.333 1466.666 18.33
60° 2053.333 2040.000 2106.667 2066.667 25.83
75° 2235.000 2448.333 2360.000 2347.778 29.35
90° 2496.667 2470.000 2463.333 2476.667 30.96
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Fig. 4.8 Raster angle results (a) Load versus raster angle and (b) Stress versus raster angle

4.3 Tensile modulus vs. raster angle; an analytical model

The internal meso-structure of the FDM part is the result of a set of parallel filaments used to
print the part. The rate of coalescence and angle of these parallel filaments determine the
mechanical properties of the FDM part. Tensile modulus is a measure of the stiffness of an
elastic material and is a quantity used to characterize materials. Bellini et al. [38] conducted
tensile tests on FDM specimens with different raster angles and found the Hooke’s Law to be
still valid. It was also reported that the tensile modulus will not be influenced considerably by
the extrusion process. Based on these observations, a couple of assumptions are made to serve as

the basis for the models developed:

o Definite relationships exist between the raster angle and the ultimate strength and tensile
modulus values of FDM parts.
e Tensile modulus of the FDM part is only affected by the raster angle for a given

coalescence.
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Based on the test specimens used for the experiments discussed above, the internal meso-
structure of the FDM part is depicted as shown in Fig. 4.9 (a). Each layer of the FDM part is
filled with parallel filaments and these filaments are formed with the same raster angle as shown
in Fig. 4.9(b). In order to build the analytical model capturing the mechanics of the internal
changes due to resultant loads, a small section is chosen for evaluation as shown in Fig. 4.9(c).
Assuming that a single layer is subjected to external forces only from two directions, a random

section is assumed to be under the internal resultant forces as shown in Fig. 4.9(d).

Considering Fig. 4.9(d), all forces are assumed to be in the same plane, or otherwise, resulting in
plane stress conditions. For an infinitesimal case, the effect of surface area on the internal
resultant forces can be ignored by assuming the small section to be a block. However, the surface
area might affect the FDM plane stress state due to the coalescence condition. Ideally, if the
coalescence between two roads is 100%, all voids are completely eliminated. However, in the
actual case, internal voids exist between the roads and layers due to the incomplete filling and
inconsistent material flow [31]. This partially bonded meso-structure makes the raster angle a

more significant parameter together with the percentage of coalescence.
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Fig. 4.9 Force system in multi-strand component of a specific raster angle

A single layer of the meso-structure is considered next for establishing the relationship between
the raster angle and the mechanical properties assuming the layer to be under tensile load from
both sides. One random small section of a filament is selected next for analysing the internal
resultant forces. The 2D force system acting on an infinitesimally small section is as shown in
Fig. 4.10(a). Considering all forces and the geometry of the small section, plane stress state can
be used in this situation as shown in Fig. 4.10(b). Further, the force equilibrium equations can be

written as follows:

Zan =0

oyAy cosa + T, Ay, sina + 1, A, cosa + 0, A, sina = 0,4, (Eq 4.8)
S =0
—oyAy, sina + 1,4, cosa — T, A, sina + 0, A, cosa = 1,4, (Eq 4.9)
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Fig. 4.10 Internal resultant forces exerted on a FDM road section

Considering that the deposited filaments partly fuse into one another, an exact cylindrical road is
far from the reality and the actual shape of each filament depends on the rate of coalescence. For
practical reasons, the shape of each filament, which was shown in Chapter 3, is used again here
and considered as a square with elliptical fillets and multilayer models are constructed as shown

in Fig. 4.11.
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Fig. 4.11 Cross-sectional area of a square shape with precise filling; (a) Single layer, (b) Two layers, (c) Three

layers, and (d) Multi layers

With these considerations, the area of application of the resultant forces needs to be recalculated
in a proper manner. In this case, the random section in Fig. 4.9(d) is used to calculate the

components of resultant force areas A, A, and A, of the single layer shown in Fig. 4.12, as:
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A, =wtana(h—2-b) (Eq 4.10)
Ay, = hw + (r — 4)bc (Eq 4.11)
_ Ay  hw+(r—4)bc
@ cosa cosa (Eq 4'12)
w wtana o
b
% c Ac w/cosa
h
Ay Ax
(b) (c) (d)

Fig. 4.12 General dimensions and areas of FDM section; (a) Isotropic view area A, , (b) front view area A,

(c) side view area A, , and (d) top view A,
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Fig. 4.13 General deformation of the FDM section; (a) normal stress on the random section, (b) strain in the

x-direction, (c) strain in the y-direction, and (d) shear strain
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Initially, for a given longitudinal load, all strands are stretched under pure tension, and shear
stresses and strains gradually build up depending on the internal structure resulting from the
structure of the strands. The net effect of the forces acting on the section under consideration is a
deformed section as shown in Fig. 4.13(a). The deformed section is subjected to tensile loads and
the total strain in the tensile load direction needs to be calculated. As all the layers are with
matching raster patterns, the twist or torsion between layers is negligible and consideration of
plane stress conditions is justified. The total strain could be considered as a combination of the
strain along x (Fig. 4.13(b)) and y directions (Fig. 4.13(c)) and rotation (Fig. 4.13(d)). The
random section of a road undergoes different deformations based on the raster angle. Also, these
deformations are affected by the coalescence. Hence, the infinitesimal strain model, which
ignores the areas, cannot be used directly in this case and the contact area needs to be

considered.

In the random section of a road, strain deformations occur in both axial and transverse directions.
As shown in Fig. 4.14, the transverse and axial directions are assumed as x and y axes
respectively. The random section of the road could be used to apply the finite strain theory
because the strand could be considered as a continuum body and the internal structure is
homogenous. Haddow’s et al. [131] mentioned three configurations for an initially homogenous
body; the initial unstrained and unstressed configuration at the uniform reference temperature,
the unstressed plastically strained configuration at the reference temperature and the stressed
elastic-plastic configuration. Considering the current tensile test at room temperature, the
unstressed, plastically strained configuration at the reference temperature could be ignored. The

cause of strain here is based on the initial unstrained and unstressed configuration and the
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stressed elastic-plastic configuration and hence the analytical model could use the Cauchy or

engineering strain:
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Fig. 4.14 Strain in transverse and axial direction; (a) transverse and (b) axial

Equations for normal strains in x and y directions are different as the load area and the length of
the section are different. The load area for the x axis is varied based on the coalescence and the
raster angle orientation, while the length along the y axis varies with the raster angle orientation.

Hence the equations for the x- and y- strains need to be obtained individually.

In the x-direction, strain is affected by the coalescence and the raster angle orientation as shown
in Fig. 4.13(a). The random road section suffers loads form both axial and transverse directions;
hence, the strain in each direction is composed of three terms. The first term is due to the normal
stress along the specific axis, which is the obvious strain. The second term is generated by the
transverse strain effects along y axis, as all the surfaces of the section of the road are contracted.
Considering this, the strain equations along x- and y-axes are expressed as follows:

_au_(ax—vay)ij‘Wld
“*T9x " Ewltana 0 X x
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ou ox—vo, ((°1 w1 w1
Ex =7 =——5—— f—dx+f —dx+f —dx
ox Ew?tanal\l, x ¢ X wcX

Ju A,
dx Ew?tana

c1 w—2c+ 2hc can-1 h+2b crm
= an - =
h bvh — 2b\vh + 2b h—2b 2b

E and v are the tensile modulus and Poisson’s ratio of ABS, respectively.

€y =

Cl(ax — vay) (Eq 4.13)

Where

Similarly, in the y direction, strain is affected by raster angle orientation as shown in Fig.

4.13(b), and can be expressed as,

v 1
€y = @ =z (ay — vax) (Eq 4.14)
Shear strain here is not caused by the shear stress but is the result of the normal stress. The
normal stress pushes the strand, which deforms in lines similar to the deflection of a beam fixed
at the end. Hence, the beam deflection theory is used here to represent the shear strain. The x-and

y- shear strain components are evaluated as follows:

ou
u=J6xdx=fadx

d
au_a(f%dx)_ A 1
ay oy B [EW2 tana (o = vay)] tana

(Eq 4.15)

9] 1
% = [E (ay - vax)] tan (Eq 4.16)
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Then the total shear strain is described as:

_ 6v+6u
Yoy = 5% dy

Following the plane stress theory,
€y, = €, sin®a + €y cos? a + Yxy SN cosa

) Ju v
ya=(ex—ey)sm2a+@cos a—=—sin’a

The tensile and shear moduli can be obtained using the Hooke’s Law:

0,
E,=-—=
Ea

T
G=—
Va

(Eq 4.17)

(Eq 4.18)

(Eq 4.19)

(Eq 4.20)

(Eq 4.21)

As already discussed in Chapter 3, the modified Frenkel-Eshelby model can be used to predict

the inter road sintering phenomena in FDM. Eq. 3.19 to 3.21 are repeated here for convenience:

1
C_(I"t)i Yy w—2c h-=2b
a

Hao

where C is constant here and for an ideal case 0 < C <1.

and,
B h(1-0C)

b 2

(Eq 3.22)

(Eq 3.23)
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_w(l-0)
‘T2

Substituting Eq. 3.20 and 3.21 into Eq. 4.10 to 4.12,
A, = hwCtana
A, = hw(3

B hw(C3

cosa

a

Where C3 =1 — -0*

For the sake of simplifying the equations, let

where C2 = C +

1_((1_(:))2 \’ c 2

Substituting Eq. 4.13 to 4.16 into Eq. 4.8 and 4.9, they become:

_ 5 +(au+avC)G_ N c
Oq = 0, COS” @ 3y Yox 3 sina cos a axcgsm a

_( C ) ) +Gau 5 Gav c .,
Ty = chg gy | sina cos @ aycos a 6x635m a

Then substituting Eq. 4.32 to 4.34 into Eq. 4.28 and 4.31, they become:

(Eq 3.24)

(Eq 4.22)

(Eq 4.23)

(Eq 4.24)

(Eq 4.25)

(Eq 4.26)

(Eq 4.27)
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ou ov ov  du\ |,
€q =asm2a+acosza+ (a+£) sina cosa (Eq 4.28)

_<6u 617) 12 +6u 5 v (Eq 4.29)
Vo = ox 3y sin 2a aycos a axsm a q4.
aycosza+(g—;+g—;%)Gsinacosa+ax%sinza
E, = 5 ou (Eq 4.30)
exsin2a+eycosza+(ﬁ+@)sinacosa
(axé—ay)sinacosa+Gg—;cosza—Gg—Z%sinza
° = (Eq 4.31)

(ex — ey) sin 2a + g—l;cos2 a— g—zsin2 a

However, stresses o, and o, vary with areas A, and A,. For instance, if both areas suffer the
same amount of load but one side has a smaller area, it would reach the ultimate stress before the
other and fracture begins. From the experimental results and based on literature, o, equals o, or
oy, when the section of the strand considered aligns with the axial or transverse directions. In
both cases, there will be no shear stress and the normal stress could reach up to the ultimate

stress internally.

It is evident from Eq. 4.13 to 4.16 that the theoretical strain depends only on stresses and the
areas. Based on this, an interesting analogy develops; considering that the FDM part is made of a
single strand and the loads are exerted on the strand as shown in Fig. 4.15. The shear load and
stress are assumed to be the by-products of the normal loads. In the very beginning, there is no
shear load or shear strain as mentioned above. Only normal loads along axial or transverse
directions constitute the external loads. The force balance equation is of the form:
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E.sina + E,cosa = F, (Eq 4.32)

Which becomes,

C
Oy asin2 a + g, cos*a = g, (Eq 4.33)
X
Fy Ay
-
Fa

Aa

-

Fx

Fig. 4.15 Resultant forces on a single strand of the FDM part

With increasing o, and oy, the normal strain and the shear strain continue to increase, until they
reach the ultimate values and then the balance is established just before the fracture. At this
point, the stresses in X and Y directions are assumed to be reaching the ultimate stress values

and substituted into Eq. 4.26 to 4.31, which become:

= Za + (0u+0vC)G_ + ¢ sin? (Eq 4.34)
Oy = 0COS™ o ay 9x C3 SIn @ CoS a O'CSSIH a q 4.
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) u av C

C
Ty, =0 (E_l smacosa+6@cos a—Ga—asm a (Eq 4.35)

=(1 )[(CZ'CO in2 q + = cos? )+(Ut +CZ.CG>' ] (Eq 4.36)
a = v E Sin~ a ECOS a E an a Ftana SInx cCos a q +.

C2:-Co o C2-Co o
— _ _ 2 _ 2 9 .2
Ve = (1 v)( G E)sm2a+(1 v)[ — cos“ a Etanasm a] (Eq 4.37)
0 COS a+(au+av C)Gsmacosa+0 ¢ sin® «
dy ' 0xC3 C3
Ey = T e (Eq 4.38)
1- )[( sin a+Ecos a)+(Ftana+Etana)smacosa]
a(%—1)sinacosa+Gg—;cosza—Gg—z%sinza
Go = (Eq 4.39)
(1- )(CZ Co 0) sin2a + (1 — )[C - Co cos? a — L tan a sin? a]
E Etana E

Considering the ABS material inside the small section as a homogeneous, isotropic linear

E

material, the shear modulus could be determined as G = 3

4.4 Results and discussion based on the analytical models predicting the raster

angle mechanics

The analytical models developed are processed using MATLAB and the results obtained with
varying coalescence and raster angles are plotted in Figs. 4.16 to 4.21. Generally, normal stress

o,, hormal strain €, and tensile modulus E, are expected to decrease with increasing raster
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angles based on experimental results as shown in Fig. 4.8 and the theoretical models for normal
stress also prove this to be true in the low to mid-range of values of the coalescence as evident
from Fig. 4.16. At higher coalescence values such as 0.8 and above, normal stress decreased
initially, until around 30° and then increased until 50° and then decreased again, with further
increase in the raster angle. This might have been caused by the shear strength from the
rotational effects, increasing the total stress. Normal strain, as shown in Fig. 4.17, also follows a
similar pattern, but the central peak is observed at relatively lower values of coalescence. While
varying effective area of cross section is one of the plausible causes for the central peak, a
dominant load in the x direction superimposed on the load in the y-direction could also be
causing this variation. At higher values of coalescence, there is also a possibility for spinning in
the strands as a result of the axial load, which might be resulting in the higher strain values. The
normal stress and strain variations result in the graphs for the elastic modulus as shown in Fig.
4.18 which look like cosine curves. The elastic modulus values remained more or less constant
and almost at the peak as the raster angle is varied from 0° to 10°. With further increase in the
raster angle, the elastic modulus values decreased, attained a minimum and then increased
through varying degrees. It is important to note that the modulus of elasticity is not a bulk
material property in this case, and varies with the meso-structure which in turn changes with the
raster orientation. The variation is also significantly affected by the rate of coalescence and at
relatively higher coalescence rates, the minimum elastic modulus values correspond to 45° raster

orientations.
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For a given coalescence, the initial decrease in the modulus of elasticity with increase in the
raster angle may be attributed to the relatively higher strain which is a combination of
longitudinal, transverse as well as torsional strains generated. However, beyond a certain value
of the raster angle, the strands gradually get aligned normal to the direction of loading, and will
only depend on lateral strains across the inter-road joints resulting from coalescence. With higher
values of coalescence, the modulus of elasticity is higher as the situation is closer to applying
loads on a fully packed material structure with a uniform rectangular cross section, and all the
strands being aligned across the load direction, there is relatively lesser strain for given stress
levels, resulting in higher modulus of elasticity values. It is important to note that the modulus of
elasticity is not a bulk material property in this case, and varies with the meso-structure which in
turn changes with the raster orientation. The variation is also significantly affected by the rate of
coalescence and at relatively higher coalescence rates, the minimum elastic modulus values

correspond to 45° raster orientations.

Fig. 4.19-4.21 show the effects of raster angle on shear stress, strain, and shear modulus values
with varying rates of coalescence. According to the shear stress theory, the maximum shear
stress exists at around 45° raster angle, if the part is under pure shear stress state. In the present
case, the maximum shear stress (negative) points vary between 30° to 60° depending on the
coalescence rate. The shear stress increases with increasing raster angle and reaches the
maximum value and subsequently decreases as raster angle is increased as evident from Fig.
4.19. The negative sign is indicative of the direction of the shear stress. With higher coalescence,
the maximum and minimum shear stresses correspond to 30° and 60° respectively. Ideally, the

shear stress is zero corresponding to 90° raster angle, but in some cases a small residual error
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from calculations is observed, but overall, the shear stress values are close to zero. A similar
trend is also obtained with shear strain variation, as shown in Fig. 4.20. The shear modulus
variation evaluated based on the shear stress and strain variations are presented in Fig. 4.21. Past
research on shear modulus evaluation was mainly based on fibrous composite material [132] or
fibre reinforced composite material [78] models, neglecting the meso-structure. However, it is
evident from the current models that the shear modulus values change with varying raster angles.
It may be observed from Fig. 4.21 that the shear modulus values remained constant for most part
of the variation of the raster angle and gradually reduce to a minimum at around 70°-85°,

depending on the coalescence factor.
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4.5 Correlation between analytical and experimental results

A comparative evaluation of the experimental and analytical results is essential now. As already
stated, based on the coalescence models in Chapter 3, and also further ascertained by the
experimental evidence through the SEM photomicrographs presented in Fig. 4.5, a coalescence
value of 0.6 can be attributed to the samples used for the experiments at the beginning of this
chapter. Now, using a coalescence value of 0.6, Eq. 4.38 predicts the variation of the tensile

stress with the raster angle as shown in Fig. 4.22.
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Fig. 4.22 Correlation between experimental analytical values of normal stress
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Superimposing the experimental results, it may be observed that the theoretical and experimental
predictions are closely correlated, giving strength to the validity of the model developed. This
result also correlates quite well with the analytical and experimental results reported by
Rodriguez et al. [132], which is reproduced here in Fig. 4.23. This gives strength to the
assumption set above that the stress from axial and transverse directions reach the ultimate
strength at the same time before facture occurs as in Eq. 4.44. Further, the tensile modulus
variation is calculated using Eq. 4.48 and plotted as shown in Fig. 4.24 This trend is again in

close correlation with the results reported by Li et al. [78] which is reproduced as shown in Fig.

4.3.
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Fig. 4.23 Strength of unidirectional ABS material with aligned configuration against raster angle reported by

Rodriguez et al. [132]
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Fig. 4.24 Correlation between experimental and analytical values of normal stress

Considering that the analytical models are close to experimental results and the results from the
literature, these models are now extended to understand certain related phenomena. Poisson’s
ratio cannot be evaluated by using the standard relationship between tensile and shear moduli,
considering the anisotropic nature of the FDM material and so is evaluated using the basic

definition. For the FDM parts, the transverse strain can be calculated using the relationship;

€r = € sin® a + €, cos® a + Yy sin acos « (Eq 4.40)

Eq. 4.46 and 4.50 can be used to evaluate the Poisson’s ratio according to the basic definition;
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The variation in the Poisson’s ratio as predicted by the theoretical model is presented in Fig. 4.25
for varying raster angles and coalescence rates. At relatively higher coalescence values, the
Poisson’s ratio remains more or less constant initially, and begins to rise from about 10°to 20°
and attains a peak at around 50° and subsequently reduces with increasing raster angles. At lower
coalescence values, the trend is the other way around. With higher coalescence values, as the
raster angle increases, the rotational effects creep in, resulting in the reduction of the lateral
strains. However, when the raster angle is beyond the 50° mark, the strands begin to get aligned
perpendicular to the direction of loading, and so the lateral strain becomes predominant, leading
to a reduction in the Poisson’s ratio. The reversal in the trend with lower coalescence values is
probably due to the breaking up of the weak links between adjacent strands and their gradual
alignment in the direction of the longitudinal loading. It is interesting to note that at lower
coalescence values, there is a possibility to have a material structure that induces a zero

Poisson’s ratio as is evident with the curve corresponding to 0.2 coalescence rate.

Part rotation, also known as plastic spin, is another aspect that can be modelled based on the
analytical models presented above. Part rotation considers the rotation of individual strands

under the action of tensile or compressive loads and is defined as follows [133]:

1/0v 0u

=5 (& - a_y) (Eq 4.41)

Each strand undergoes not only tensile deformation but also rotation following the direction of

the tensile load. Based on the analytical model, the variation in the plastic spin is evaluated for
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varying process conditions and plotted in Fig. 4.26. In each case, the part rotation increases

initially, attains a peak and further decreases as raster angle increases. The higher the

coalescence, the higher is the peak value of rotation and the reason for the relatively lower

values of rotation at lower coalescence is the fact that the inter-strand bonds are broken before

any consolidated rotation takes place. This again proves the fact that proper meso-structure

resulting from a combination of raster angle and rate of coalescence will help improve the

mechanical characteristics of FDM parts under a given tensile loading.
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Fig. 4.26 Plastic spin versus raster angle with varying coalescence

Overall, this chapter is aimed at investigating the influence of the raster angle on the mechanical
characteristics of the FDM part. The hypothesis that material constants are sensitive to varying
meso-structures resulting from varying process conditions in fused deposition modelling is tested
by experimental and analytical means. Tensile test results of samples built with varying raster
angles showed the ultimate tensile stress gradually decreasing with increasing raster angle.
Analytical models are developed for elastic stress, strain and moduli using the plane stress
approach. A good correlation was observed between experimental results and analytical

predictions in the case of the ultimate strength, thus validating the models. The elastic modulus
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decreased with increasing raster angle and attained a minimum at around 50° to 60°, depending
on the magnitude of coalescence, which is also in good agreement with other results from the
literature. The shear modulus remains stable at lower raster angles, but gradually decreases
beyond 45° at varying rates depending on the magnitude of coalescence. Analytically, the
Poisson’s ratio is observed to vary widely with varying coalescence and raster angles and the
possibility of achieving zero values is noted. The plastic spin is found to peak at around 45°

raster angle, for different levels of coalescence.
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Chapter 5  Curved Layer Slicing for FDM

5.1 Flat layer slicing; some shortcomings

Flat Layer Fused Deposition Modelling was made commercially available since the early
nineties and had undergone a continuous improvement in materials and product quality.
Hardware and software solutions evolved over time to be able to generate various prototype
models and parts with different materials. Current slicing algorithms can handle all models of
any complexity, in any orientation. However, the urge to develop improved, more effective and
efficient mathematical algorithms for flat layer slicing of CAD models has been never ending,

and adaptive slicing introduced in Chapter 3 is one of the significant developments.

Based on the results of the analytical and experimental investigations of Chapter 3, it is evident
that adaptive slicing, while improving surface quality, could also influence the mechanical
properties through variations in the internal meso-structures. Significant time savings are
possible, while achieving specific mechanical attributes at the same time. However, all these
advantages are geometry-specific, and are effective mainly in the case of solid parts or parts with
thick solid walls. Parts with specific features such as aerodynamic shapes, or thin shell-like

constructs, may not be benefiting much from adaptive slicing.

For example, a typical thin shell-type structure as shown in Fig. 5.1 is sliced with flat layers and
built upwards from the bottom-most layer, in conventional FDM processing. Evidently, there is

fibre discontinuity in this approach, in addition to the obvious stair-step effects. Very thin
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uniform flat layers or even adaptive flat layers may resolve the stair-step effects to some extent,
but the fibre discontinuity and resulting loss of mechanical strength are still at large. Further,
both approaches will require considerably high processing times eventually. Apart from the
relatively weak bonding across filaments and layers resulting from shorter interfaces as
discussed earlier, the fibre discontinuity is likely to develop points of stress concentration and

structural weakness.

T

Fig.5.1 Fabricating a thin shell type part in FDM

Considering the surface quality, adaptive slicing might help minimize the stair case effects by
means of reducing the user-defined cusp height and use of thinner layers. There are limitations to
this approach too, and as shown in Fig. 5.2, however small the cusp height is, there is still some
residual stair-step effect as the layers cannot assume infinitesimally small thicknesses, due to
practical limitations. This leaves the flat layers ineffective in fully resolving the surface quality

issues, even with the adaptive slicing approach.

Fig. 5.2 Fabricating a slight curved part in FDM
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Proper build orientation is an alternative approach to reducing stair-case effects and as pointed
out by Xu et al. [112], the ability to evaluate and determine the best build orientation is
important for additive manufacturing processes to achieve a satisfactory part/prototype within
the limits of the manufacturing time and cost. Due to the specific process characteristics of layer-
by-layer construction, different sets of geometric features may get differently affected based on
the build direction and proper part-specific print orientations are expected to improve the part
quality and reduce the build time. Hu et al. [134] developed an algorithm to determine the
optimal direction of a hybrid rapid-prototyping process by considering both the CNC machining
process attributes and the deposition process attributes. However, the optimum build orientation
approach might not be effective in all cases, and again, the thin shell type hemispherical or bi-
directional curved part as shown in Fig. 5.3 will suffer from serious surface and other problems.
Considering mainly the geometrical features, it appears, a completely different slicing and
printing approach is needed to circumvent the inherent weaknesses of uniform or adaptive flat

layers in handling the surface and structural shortcomings.

o =+

Fig. 5.3 Geometrical forms that cannot be handled even with the best-build orientation method: (a) thin shell

hemispherical shape and (b) bi-directional curved part
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5.2 Curved layer slicing

A closer look at the problem of losing surface and other qualities while making thin shell-type
parts by flat layers indicates a plausible solution through use of curved layers following the
profiles of the external surfaces. This requires the part to be sliced using curved planes.
Klosterman et al. [104] observed that maintaining surface fibre continuity is critically important
to thin shell-type structures and developed the first curved layer slicing approach; the Curved
Layer Laminated Object Manufacturing (CLLOM) method. In addition to the technical
incentives, implementing a curved layer build style also offers economic incentives in terms of

saved time.

Although curved layer LOM overcomes certain limitations of the flat layer LOM, software and
hardware amendments became necessary. The matched tool to support the curved layers needed
to be fabricated before the LOM processing. Hence, the support tool geometry from the .stl file
was to be generated. Heuristic algorithms were formulated to remove undesired features on the
support structure and the height grid approach was used to approximate the actual top surface
with successive curved layers. New CLLOM machine components including material sheet
feeding and rotating mechanism, curved layer bonding apparatus and curved surface laser cutting
were developed to fabricate the CLLOM part. All these developments demonstrated the new
approach to overcome some of the inherent limitations of the flat layer LOM. However, there are

limitations too, and eventually, the practical application of curved layer LOM was limited.

Nevertheless, the curved layer slicing and building a part by adding a series of curved layers one

over the other seems to be a promising solution to some of the difficulties associated with FDM.
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For example, to produce the thin shell-type shape shown in Fig. 5.4 (a), the conventional FDM
deposits the material as shown in Fig. 5.4 (b), or by working on the side view of the product and
resulting in a poor quality, due to stair-step effect and discontinuity of filaments across the
section. If curved layer FDM is made possible through hardware and software developments,
the same part could be built by depositing materials in a curved layer fashion, as shown in Fig.
5.4(c) for the thin shell-type shape. This will result in reduced stair-step effects, increased
strength of parts and reduced number of layers, the significance of which may be readily seen in

applications such as skull bone replacements.

Fig. 5.4 The concept of Curved Layer deposition: (a) A curved model, (b) flat layers, and (c) Curved layers

Chakrabory et al. [105] first proposed the Curved Layer FDM or CLFDM and analytically
modelled and tested the approach based on freeform surfaces. Higher strength and better surface
quality were envisioned by employing long and continuous filaments or roads and obtaining
curved intermediate layers of relatively larger areas. Using a parametric surface represented by

P(u,v) the offset surface could be obtained using:
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Py =P(u,v) +na (Eq.5.1)

Where «a is the surface offsetting distance and n is the unit normal vector for the surface P that
can be calculated as:

P, X P,

n=———
[Py, X Py

(Eq.5.2)

P, and P, are partial derivatives of P with respect to u and v respectively. A work coordinate
system moving along each curve considered within the envelope of filament paths is used to
derive the parametric equation of the surface representing the envelope. At each point on the
filament curve, y,, and z,, axes are considered tangential and normal to the curve respectively and
the third axis X, is considered perpendicular to the osculating plane and following the right hand
rule. Considering the parametric representation of the splined path of the filament at different
locations, they represented the unit vectors i, , j,, and k,, along the three mutually perpendicular

axes as follows [105]:

k, =n (Eq.5.3a)
FLC'(t)
iw =j, XKy (Eq.5.3c)

FLC’(t) (filament location curve) is the first derivative of the function of filament location curve

representing the gradient along the tangential direction at different points.
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However, this research was mainly theoretical and had never been implemented practically. The
current research takes off from this point and after a review of other existing solutions, moves to
more effective algorithms for Curved Layer Slicing and the practical implementation of the same
for curved layer fused deposition modelling. It involves the development of both hardware and
software solutions and their integration into a working system with critical steps being the
development of suitable algorithms for curved layer slicing and the practical implementation of

the same for CLFDM.

5.3 Current mathematical algorithms for curved layer slicing

As already mentioned, the analytical approach to curved layer FDM by Chakraborthy et al. [105]
was based on the parametric representations of free form surfaces. Apart from offsetting curved
layers, deposition path patterns need to be developed, together with the implementation schemes.
This involves an understanding and subsequent modelling of the 3D surface, setting data points
and fitting a surface model, developing an offsetting scheme, development of offset surfaces,
evaluation of curved deposition patterns and finally practical implementation on a FDM system.
The author developed some preliminary solutions as part of the master’s research [106] done

earlier.

In all curved layer slicing algorithms, gathering the key point data from a specific top surface is
the fundamental task. Chakraborthy et al. [105] used parametric surfaces for this purpose, but the
method is too theoretical, and in more practical situations, parametric surfaces form only a part

of the representation of a solid, and there may be other non-parametric surfaces too, like for
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example, polygon surfaces. Although there are options to convert information in other formats to
parametric forms, data loss may result during conversion, as it happens even between two
different parametric surfaces [135], for example, as is the case with the conversion of a sphere
represented by a parametric expression to a B-spline surface. Appropriate construction of the
subsequent curved layers is dependent on the accuracy of data points from the initial top surface.
In the author’s previous research [106], the surface data was generated predominantly by both
G&M (These are codes used in CNC software to represent coordinates and other spindle
movements) code method and the parametric representation of surfaces based on Bezier models,

in lines similar to Chakraborthy et al. [105].

A thin curved part, as shown in Fig. 5.5(a), was used as the basic shape for testing the proposed
curved layer slicing algorithm, and the first step was to create a solid model. The CAD model
was then transferred to the CAM module of any solid modelling software. For the given
orientation of the model, the CAM software identifies the top surface and generates the G&M
codes automatically for the CNC cutter paths with its own or user defined patterns. A ball cutter
of size equal to the deposition nozzle diameter was used in the tool path generation, in order to
replicate the motions of the deposition nozzle when run on the FDM machine. Fig. 5.5(b) shows
the cutter paths developed using the G and M code data generated by the Manufacturing Module

in UniGraphics for the top surface of the model.

When using different CAD software, the formats of the CAD models may vary from one to the
other. Further, when they are transferred to the CAM software, the mathematical equations or

descriptions might be lost. It is necessary to exercise caution while gathering the data points
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from the surfaces, especially the ones required to be machined or deposited in this case. The
CAD files may be stored in the IGES or other similar format, for compatibility between different
platforms. The reason for using G and M codes here is to record the X, y and z coordinates of the
points defining the surface topology. When the G&M codes are generated, the X, y and z
coordinates of the surface points are recorded by the computer program and saved as a text file
for subsequent use as the input for the slicing program. The other method using a Bezier surface

and the deposition path lines generated subsequently in MATLAB are shown in Fig. 5.6.

Fig.5.5 Solid model of the test part and cutter path data: (a) Solid model and (b) Top surface cutter path data

(a) Bezier surface (b) Deposition path data

Fig. 5.6 Deposition path data based on a free form surface
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The cutter/deposition path data thus generated is used to develop the point cloud data
representing the top surface of the part. Curved layer slicing is employed next by means of
offsetting the top surface points, rather than direct slicing, using a series of planes, as is the case
with flat layers. After attempting a vertical surface offsetting method and then a two-vector cross
product approach, a four-vector cross product solution was found to produce good results with
minimum deterioration of offset surfaces. This was further modified employing two vectors on
the surface and one auxiliary vector at each surface point, to construct the cross product vectors.
This approach as depicted in Fig. 5.7 was found to be computationally less intensive and very
effective in capturing the local surface variations. After loading the input data into the slicing
program, two vectors V; and V, are constructed by P;;,, Pi_y;, and P, Piiq ik

respectively, whilst the auxiliary vector V; is perpendicular to the vertical plane J from P; ; ;..

Two cross product vectors V5 and V5 are constructed following the right—hand rule based on
vectors V4, V,, and V3. The magnitudes of all the cross product vectors are equal to the
thickness of the curved layer. The governing equations of V,5 and V,5 are:

V, XV,

V.3 = thickness - ————
13 [V, X Vs

(Eq.5.4)

Vi XV,

V,5 = thickness - ————
23 V3 X V,|

(Eq.5.5)

As shown in Fig. 5.7, V¢ is based on V5 and V,3, The equation of angle a is:

V13 ¢ V23
a =cos l ———— (Eq.5.6)
[Visl - [Vasl

And the equation of Vg is:
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thiCkness V13 + V23
5 = :
cos% Vi3 + Vsl

(Eq.5.7)

Then, the location to which Vg directs is the point of the offset curved surface. Therefore, the
final equation is:

Pijk+1=Pijr+Vs (Eq.5.8)

P;1 jk+1 1S the new point on the offset curved layer and the process is repeated at all points of the

first surface to generate the point cloud data of the first offset layer. Further, the entire process is

repeated to create as many curved layers as necessary for a given part.

Pi+Lj+Lk

Pi-1j+1,k

Fig. 5.7 Modified cross product method considering nodes on a vertical plane

For most curved parts, a support structure is usually needed, the shape of which depends on the

art geometry. Generation of the support structure follows the geometry of the part and depends
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on the nature of the overhanging features. The support structure requirement is associated with
the shape of the bottom surface. Out of all triangular elements representing the bottom surface,
the facets at the lowest level, at z=0 for the case as shown in Fig. 5.8 (a), need to be discarded,
and the rest of the facets are grouped together as shown in Fig. 5.8 (b). The critical triangular
facets identified thus are used to construct the triangulated shape of the support structure as
shown in Fig. 5.9 (a). A series of flat horizontal layers at appropriate levels are then used to slice
this shape into a set of flat layers which are subsequently used to generate the deposition path

data as shown in Fig. 5.9 (b).

A

DO

ey

Fig. 5.9 Support structure deposition path generation
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5.4 Enhanced curved layer slicing models

The modified method using three vectors and their cross products in pairs presented above works
fine for curved layer slicing, but there are specific shortcomings. Self-intersection and multi-
point interference are two major issues that occur mostly with concave shapes. A self-
intersection elimination algorithm and a multi-point interference elimination algorithm were
developed by the author earlier [106], to eliminate these defects, but the processing time usually
is high, especially when the total number of points representing a given surface is large. Further,
this algorithm does not allow much control over the meso-structure, as the deposition path
patterns in all successive slices are replicated from the top reference surface. A more flexible and

better curved layer slicing scheme needs to be developed.

In general, solid models for slicing could be in the form of CAD models or tessellated CAD
models. The tessellated CAD model normally refers to the .stl format file, but more recently, the
.amf format file [136] is being used, which follows the same structure as the .stl format file in
geometry specification, but carries further details such as colour and materials and allows
optional curved triangles to improve the surface representation. Both .stl and .amf file formats
could be used as the input for curved layer slicing. However, most commercial AM systems still
use the .stl format files as the input and identification of different materials is not a primary
concern yet. Considering these aspects, the .stl format is employed in the current research for
the curved layer algorithms, though the .amf format has advantages in terms of closely defining
complex details. Based on the .stl format files, a new curved layer slicing algorithm is
developed which essentially consists of three steps; (1) Collecting surface data, (2) Offsetting

surface data and (3) Generating in plane disposition path ways.
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Surface data collection from .stl format file

The .stl file model can be created using any available 3D software, especially 3D engineering
software. As .stl format files are in binary form and it is hard to implement further operations,
like gathering the point cloud data. An open source MATLAB program, written by Doron Harlev
[137], is used for gathering the coordinates of the vertices of the triangular facets. The surface
data obtained from this program is saved in data files in the form of four matrices containing X,
Y, and Z coordinates and the colour of each facet. At this stage, though information pertaining to
all surface triangles representing the solid model is identified, the data is still in the raw form and
the specific triangles forming the top surface, based on a given print orientation need to be

bundled together next.

After ascertaining the print orientation, the first step is to establish the top surface based on the
.stl format file. In order to avoid complications, the top surface is assumed to be continuous and
uniform in the current work, without any sharp variations in form. In the .stl file, each facet has
its own vertices and a normal, which allows determination of the facet orientation as the angle
between the normal and the z-axis. This angle, representing the orientation of the facet in the 3D
space is used as the criterion to decide whether a certain facet belongs to the top surface or not.
Generally, both top and bottom surfaces are horizontal in the most ideal case, while vertical
facets usually form side surfaces. In the current algorithm, all facets with the normal making 0 to
30° with the vertical are considered belonging to the top surface and those satisfying this
condition are segregated and grouped together. The facets on the bottom surface get singled out

due to a change of orientation of the outward normal.
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Again, it may be realised that the top surface data is very critical in curved layer slicing,
including the facets, vertices and normal directions. After collecting the top-surface facet data,
some further processing may become necessary as it may not always be a single continuous
surface as in Fig. 5.10(a). In reality, the top surface may be split into a number of segments as

shown in Fig. 5.10(b) or (c).

Continuous Facets Non-Continuous Facets Non-Continuous Facets

(a) (b) (c)

Fig. 5.10 Continuity of the top surface

The algorithms developed as part of the current research cannot handle multiple surface sets
simultaneously, as it gets quite complex while deciding the curved layer slicing strategies. As a
result, further to identifying the top-surface facets, a facet-grouping algorithm is used to identify
the highest segment of the marked areas as the true top surface for initiating the curved layer

slicing. The facet-grouping procedure is as follows:

¢ Identify the facets defining the top surfaces of the part for the selected orientation using

the angle criterion.

e Locate the highest point of all the top surface facets and make it as the reference point.
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o Identify all triangular elements of the top surface that have this highest point as one of the
corners. This will result a set of triangles around the highest point as depicted in Fig.
5.11.

e Use each of the other corners of this initial set of triangles and repeat the above step to
further expand the collection of top surface triangles.

e Repeat this procedure until all connected triangles are located and grouped together as
shown in Fig. 5.11.

e The process can also be repeated with other segments of the top surface if any, but in this
chapter, the algorithm is limited to identifying the highest top surface segment and using

it for curved layer offsetting.

This algorithm is applied to the simple curved shape shown in Fig. 5.5. After triangulation and
the selection of the print orientation as shown in Fig. 5.12, the shaded elements are identified as

the top-surface by the algorithm implemented in MATLAB.

Highest Poim f———— T —
a — Highest Point — .

Mighest Point T 2 7T S
Hghest Point } i I} | d d q = ——— oy

Fig. 5.11 Facet grouping procedure
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Fig. 5.12 Top facet grouping

Surface data offsetting

Chakraborthy et al. [105] attempted curved layer slicing by offsetting every point on the
reference surface along the normal by an amount equal to the slice thickness. The methods
developed by the author earlier also employed marching along the normal direction, but using a
vector cross product scheme based on the point cloud data representing the top surface of the
part. Both these approaches essentially achieve offset surfaces based on a number of points
usually generated along the deposition pathways developed on the base surface. The data files
used for additive manufacturing, whether in .stl or .amf format are approximate representations
of the original CAD model, and often, the surface data is partially lost. Employing point cloud
data generated using deposition pathways based on .stl files for offsetting often results in further
deterioration in successive layers. The curved layer surface generation scheme used here is an

adaptation of the method developed by Qu et al. [138], based on whole facet offsetting.

The top surface of the part selected as the original reference surface for curved layer offsetting is
as shown in Fig. 5.13, and assumed to be continuous and uniform, without any sharp variations

in forms. The nodal data is gathered from individual triangular facets representing the
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geometrical form of the surface. The order of the nodes must follow the sequence vertices of
each triangle as dictated by the .stl format, so that the normal to the facet points outwards from

the reference surface.

Reference surface — ——
HJ T N

T~
Offsetting facet

Fig. 5.13 Reference surface on the CAD file and facet offsetting for curved layer slicing

The first step in the offsetting procedure is to gather the element connectivity. This is essential as
common points on adjacent elements would be displaced after each facet is offset individually
along its own normal direction resulting in discontinuities in the element structure eventually.
The plane-offset algorithm was developed to generate inward or outward offsets for the entire
surface of a .stl model. The approach is to offset a control point on the triangular facet instead of
offsetting numerous individual points along curves generated on freeform surfaces. Each facet
belonging to the top surface is chosen to be the reference spatial plane which can be described
as:

ax+by+cz+d,=0

where a, b and c is the normal of the facet, x, y and z is the points on the facet, d, is the intercept

distance of the facet.
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This equation could also be written in the vector format, as:

N,-V,=—d, (Eq.5.9)

where ﬁo is the normal of the origin reference face, (a, b, c), 751 is the coordinate vector of the

origin reference point, (x, y, z), and d,, is the constant of the Cartesian plane equation.

The vertices of each triangular facet are then offset one after the other, using the three-plane
algorithm [119]. Each vertex is represented as the unique point of intersection of three planes
with different normal directions. The equations of the three planes represent the intersection
point, which can then be moved to obtain the offset point. While the triangular facet constitutes
the base plane, two auxiliary planes are needed to obtain the vertex point and further offset the
same. Based on the location of a given facet, selection of auxiliary planes arises three possible
scenarios; (1) Two imaginary vertical auxiliary planes, (2) One adjacent linked facet and an

imaginary vertical auxiliary plane, or (3) Two adjacent linked facets, as shown in Fig. 5.14.

Imaginary Imaginary
Reference Plane Reference Plane Reference
Facet \r Facet No Facet No
— ——11 No .
No' ‘ ° No
Nv |
T g%ﬁ O N i
Offset Offset
Facet Facet
(b) (c)

Fig. 5.14 Typical situations in the offsetting procedure; (a) Two imaginary vertical auxiliary planes, (b) One

adjacent linked facet and an imaginary auxiliary vertical plane, and (c) Two adjacent linked facets
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The first situation normally occurs in the case of facets having one of the vertices representing
the corner of a solid. In this case, two auxiliary imaginary planes perpendicular to the reference
facet plane need to be constructed. While selecting the top surface elements, the nodal
connectivity of each facet is recorded, and in this case, the vertex is linked to no other elements.
The first imaginary vertical auxiliary plane should be a plane parallel to the normal of the top
facet and going through the vertex and one of the edges of the triangular facet as shown in Fig.
5.16. The normal of this imaginary auxiliary plane can be calculated by using the cross product
of the non-overlapping edge and the facet normal. However, the direction of this imaginary
auxiliary plane should be selected in such a way that the normal points outwards. Hence, the
cross product of the edge and the facet normal is:
_ L, xN,
"L, x N,

where L, is the vector on the edge, which is calculated as:
z1 = ﬁz - I_jl

where P, is the next point in the triangular facet following the counter clock wise numbering.
Once the normal of the imaginary auxiliary plane is ascertained, the intercept of the imaginary

auxiliary plane, d,, is calculated as:
dU == _ﬁv . Fl
Then, the equation of the first imaginary auxiliary plane becomes:

N,-V,=d, (Eq.5.10)
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Similarly, the second imaginary auxiliary plane based on the other non-overlapped edge is
evaluated as:

N',-V,=d, (Eq.5.11)

Considering the offsetting distance as equal to the layer thickness, the offset facet is shifted
following the direction opposite to the normal of the facet and the equation of the offset facet

becomes:
N, V,=d,—t (Eq.5.12)

Considering a matrix [N], where [N] = [N, N, N7] . and a vector [D], where[D] =

o

[do —t d, d’%]7,the equation in the matrix form is:
[N][V] = [D] (Eq.5.13)

where [V] is the coordinate vector and N, - N, =0, N,-N’, = 0and|N, — N’,| # 0 . N,
N, are the normals of two imaginary planes and d,, and d’, are constants. This makes sure that

the matrix [N] is full rank and can be inversed, so that the equation will have a unique root. Then

the new offsetting point is:
[V] = [N]*[D] (Eq.5.14)

The second situation normally occurs in facets with one of the sides representing an edge of the
solid. In this case, the offsetting point is linked to two triangular facets on the top surface. During
the offsetting process, these two triangular facets need to be offset at the same time and only one

imaginary plane needs to be constructed. Hence, matrix [N] and vector [D] need to be modified
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as[N]=[N, N', N,| and[D]=[dp—t d'y—t d,]7, where N’,, N', d',and d, are
the normal of the adjacent linking facet, the normal of the imaginary vertical plane, the intercept
of adjacent linking facet, and the intercept of the imaginary vertical plane respectively. Further,

there is a possibility that those two facets share the same normal. In order to make matrix [N]

—_

full rank, extra criteria need to be satisfied for adjacent facet selection, such as; ﬁo N, =

0, F’O -ﬁv = 0 and |ﬁo —F’o| # 0. If the two facets share the same normal, the offsetting

procedure will be similar to the first situation.

Similarly, matrix [N] and vector [D] also need to be modified before fitting into Eq. 5.14 for the

third situation, which occurs in the central region of the reference surface. As an imaginary plane
is not necessary, matrix [N] = [N, N7, N—"O]T and[D] =[d, —t d'y—t d",—t]T. If
three facets have different normals, which means [N, — N',| # 0,|N, — N,| # O and [N", —

N—”O| + 0 for the adjacent facets selected, then Eq. 5.14 can be used to calculate the offset point.
If two facets share the same normal and the third one has a different normal, the offsetting
procedure would search for another facet to satisfy the full rank matrix requirement. If all the
facets have only two different normals, the offset procedure turns back to the second situation.
Further, if all the facets have the same normal, the procedure will be the same as in the case of

the first situation.

The facet-based offset procedure will be repeated with every facet on the top surface and all
offset points form the new curved layer, which will become the reference surface for the next
offsetting iteration. The procedure is repeated until the object is filled with the required number

of curved layers as shown in Fig. 5.15, for the solid model depicted in Fig. 5.5 (a). This method
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of curved layer offsetting is computationally less intensive, and works better than the other
existing methods [105, 106, 138] in terms of capturing and preserving the original surface

profiles.

Fig. 5.15 Curved layer slicing based on facet-offsetting

Curved layer offsetting; some difficulties

To further test the abilities of the proposed algorithm, two slightly different models are
processed next. The first case is the same basic shape as above, but with the side surfaces
slightly slanting inwards. The actual curved layers generated using the algorithm proposed on
this model are presented in Fig. 5.16. The second case is a more general form as processed and
depicted in Fig. 5.17. In both cases, the top surface used as the basis for all calculations is shown
shaded. While the method works reasonably well with most common arrangements of elements,
there are problems such as discontinuities as shown in Fig. 5.18 resulting from specific facet
configurations. Qu et al. [138] noted that discontinuities may arise if more than three normal

directions exist at a given vertex, based on the local facet structure.
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Fig. 5.16 Curved slicing of the model with slanted side surfaces
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Fig. 5.17 Curved layer offsetting based on the top reference surface

Unconnected
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Fig. 5.18 Unconnected points after offsetting
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Analytically, unconnected points arise as follows:

For instance, a point X; can be represented by two matrix equations:

A X, =D,

AX, =D,
After offsetting,

D) =D;+C

D,=D,+C
Where Cis (t,0,0) T,

A X; =D}

A, X, =D,

X; = A7ID] = A7Y(D; + C) = X; + A7IC

X, = A31D, = A31(D, + C) = X; + A71C

If Al equals A2, the offset points will connect together; otherwise, the point gets offset into
multiple points. The point approximation method suggested by Qu et al. [138] is slightly
modified and employed here to resolve the problems with multiple offset points. Considering the
three-plane method used for curved layer slicing, any three facets could have different offset
points from the same vertex. The approximation method uses the arithmetic mean to replace the
individual points if the differences among these are not very large. But if the differences are
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large, one or more new facets are constructed with these points on the offset layer. For the

curved layers generated currently, the differences among offset points are not large as the

original surface is relatively smooth; hence mean locations are evaluated to merge multiple

points.

Deposition path generation

Unlike the deposition path profiles in fixed directions as used by Chkraborthy et al. [105] and the

author in the previous work [106], additional freedom is allowed to vary the raster orientations in

the current work. The raster angle could be defined by the user or automatically generated to be

crisscross in successive layers, in order to minimize the isotropic properties of the FDM

components, similar to the flat layer FDM. After all coordinates of the vertices are located and

saved in matrices, points on each layer are connected in proper sequences to develop triangulated

surfaces. Then selected vertical planes are used to slice the surfaces in the .stl format, as shown

in Fig.

5.19, where a simple wedge shape is used to demonstrate the method.

Fig. 5.19 Deposition path generation; (a) a standard .stl file and (b) slicing a triangulated object
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In order to provide the flexibility to alter the raster orientations, deposition path generation
begins with a vertical slicing plane making a specified angle with the x-z plane considered at the
leftmost (or the rightmost) point on the .stl file. Then this plane is offset to generate a number of
parallel vertical slicing planes up to the point of the other extreme, generating the intersection
points with each plane. However, with each slicing plane, only a set of the triangular facets are
intersected. The distances between the vertical slicing plane and the vertices of each triangular
facet are used as the criteria to judge which triangular planes are getting intersected by a given

vertical slicing plane. The equation of the distance between the slicing plane and a vertex is:

D_ax0+by0+czo+d
va? + b? + c?

(Eq.5.15)

Three such distancesD;, D, and D5 will be generated with the three vertices of a given triangular
facet. If all of them are either greater than zero or less than zero, then the triangular facet is not
intersected by the slicing plane under consideration. Otherwise, there exist a couple of
intersection points that can be established. This procedure will eliminate evaluation of non-
existent intersection points and improves the slicing efficiency. Eq. 5.16 also helps determine

start and end points of slicing as follows:

Pstart = miin{Dlif Dy;, D3}

Eq.5.16
Pena = max{Dy;, Dag, Dag) (Fa516)

The parallel vertical planes cut the facets on the curved surfaces and allow construction of
intersection lines. The intersection lines from each curved layer are then linked together in a
proper sequence to form the deposition path ways within layers. This process is repeated with all

other curved layers, but the raster angle can be changed as desired from one plane to the other.
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The algorithm is coded in MATLAB and deposition path data from successive layers is
appropriately connected at the end and stored in a text file in reverse order, to facilitate printing
on a FDM system from the bottom upwards. Fig. 5.20 shows the tessellated model of the simple
solid used throughout this work, curved layer slices developed and deposition path lines

generated with a 45° raster angle.

Fig. 5.20 An example of how the .stl file is sliced and tool path generated for CLFDM; (a) .stl Model, (b)

Curved layer slicing, and (c) deposition path generation

5.5 Implementation and experimental evaluation of CLFDM

Test beds of varying capabilities are usually developed by researchers to test modified
approaches in RP, and the Fab@Home FDM machine developed by Evan Malone of Cornell
University [139] was first employed in the author’s previous research for the initial testing of the
mathematical algorithms developed for CLFDM. This has a standard syringe type deposition
tool which consists of a disposable syringe. This system is initially tried for the physical
implementation of the curved layer models developed here and the output from the MATLAB
code is a text file that contains deposition path data to control the machine for printing various
models in curved layers.
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For initial trials and proof of concept, SILAFLEX RTV Silicone is employed as the fused
material. Text files containing support structure data as well as the curved layer data are loaded
on the printer one after the other for printing test pieces. It is evident that the parts, though
following the required deposition pattern as per the outcomes of the CLFDM scheme, suffer
from defects due to either the absence of a certain strand or the overriding of the nozzle due to
the inherent difficulties with the test facility. Next, FabEpoxy [140], a special 2 part epoxy
formulated for Fab@Home by Kraftmark Company of Spring City, PA, USA is tried for testing
the mechanical characteristics of parts produced. It was much easier to work with Fabepoxy, as it
had better extrusion as well as post extrusion characteristics. This may be evident in the simple
curved object printed using both flat and curved layers as shown in Fig. 5.21(a) and (b),
respectively. For the initial examination for comparing the mechanical properties between flat
layer and curved layer, a three point bending test conducted with the specimens loaded as shown
in Fig. 5.22 revealed that the curved layer part fails at 152 N, as against the maximum load of 70

N supported by the flat layered part.

Fig. 5.21 Parts printed using Fabepoxy: (a) Flat layers and (b) Curved layers

187



The curved part remained mostly intact until failure in the end, which was a sudden fracture
from the bottom upwards, almost at the middle of the length of the part. The continuous fibres
fused together very well, reducing the gap structure, and the cured polymer seemed to have
formed a well integrated molecular structure across the filaments as well as layers. The flat
layered part on the other hand, gradually gave in at almost half the load, due to a shear slip
across the layers. Failure seemed to have initiated at the junction of the curved and flat portions
of the part, where there was a possible stress concentration, and finally the weak interlayer bonds

gave away for a shear failure, allowing successive flat layers to slide against one another.

Fig. 5.22 Test part loaded for 3-point bending test.

The Makerbot kit [127] introduced in chapter 3 is employed next for a more significant testing of
the influence of employing curved layers for thin shell-type parts. The actual printing was
implemented in a semi-automatic way considering that the extrusion speed has difficulties to

match with the print speed. These difficulties developed from both the thermal history of the
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process and the mechanical limitations of the 2.5D printing as against the 3D printing essential in

this case.

Like any commercial FDM machines, the Makerbot kit also provides effective control over the
X- and Y-motions, and so, the extrusion speed is set to match the print speed on x and y axes.
The system considers the motion along the Z-direction as auxiliary and independent of the other
two axes. While this works reasonably well with flat layer FDM, problems arise with curved
layer FDM, as all three axes need to be synchronised to some degree. This might lead to a
slowing down of the motion along X- and Y- axes in order to be synchronised with the Z-
motion. However, the extrusion speed which is dependent on the heating element will be
difficult to control. Some other researchers assumed a seamless variation of the extrusion speed
as is the case with any other process parameters, but in reality, the extrusion speed has a fixed
relationship to the heating element. If the extrusion speed is too high, the filament might not be
able to heat the polymer sufficiently and the partly fused polymer might block the nozzle. On the
other hand, a too slow extrusion speed might result in overheating and excessive plasticity. If the
extrusion speed is too low, the filament might be over heated. Hence, the test could only be

conducted in a semi-automatic way.

Generating the support structure in the Makerbot machine raises yet another difficulty. Support
structures are needed based on the shape of the solid model, and in the current case, with the thin
shell type part, the central arch shape requires bottom support to be built initially. Normal FDM
machines build the support structure with a different material that can be easily dissolved and

removed further to printing. With Makerbot, as there is a single deposition head, it is not
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possible to achieve this. Instead, the current support structure is built controlling the temperature
of the extrusion nozzle at 220°C and the heated platform at around 100°C. This allows a
relatively coarse support structure that can be easily removed later. Further, a base raft is also
introduced to avoid incorrect dimensions due to the uneven build platform. In order to get the
maximum mechanical properties for the test pieces, a 0° raster angle is employed, so that the
deposition paths are aligned along the longitudinal axis. The final deposition path patterns of the
FDM part together with the support structure and the raft are shown in Fig. 5.23 and the actual

part printed on the Makerbot machine with a nozzle of diameter Imm is shown in Fig. 5.24.

Zz axis

y axis -30

Fig. 5.23 Combined tool path of FDM part, support structure and raft

Fig. 5.24 The test piece printed by curved layer FDM on the Makerbot system
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The actual test consists of printing four samples each of the same basic shape as earlier, using
both flat and curved layer FDM. The flat and curved parts printed are shown in Fig. 5.25(a) and
(b), respectively, and the surface quality is distinctly better in CLFDM. A view of the back side
of the CLFDM part as shown in Fig. 5.25(c) clearly shows the continuous filaments stacked
parallel to one another. Fig. 5.26(a) and (b) present scanned copies of the load-deflection
diagrams obtained from the 3-point bending tests performed on the two sets of samples together
with photographs of deformed samples. The experimental data in terms of the maximum
compressive load in each case is compiled in Table 5.1 for a statistical evaluation of the
comparative performance of flat and curved layer FDM. The average compressive load in the
case of flat layered components falls short by almost about 100 N compared to the curved layer
parts, clearly indicating a much better mechanical performance by CLFDM. The standard
deviation in both cases is relatively small and very close, indicating consistency and the

experimental error with a 95% confidence level is approximately #11 N.

(a) (b) (c)
Fig. 5.25 Flat and curved parts printed using ABS polymer; (a) Flat layer part, (b) Curved layer part, and (c)

continuous filaments in CLFDM
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Fig. 5.26 Load deflection diagrams from tensile tests: (a) Flat layer parts and (b) Curved layer parts

Table 5.1 Results of three-point bending tests for different deposition strategies

Build style Maximum compressive Load (N)

Flat layer 220.000  233.666 227.000 228.333 227.250 5.63
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5.6 Role of Curved Layer Slicing and significant observations

Fig. 5.27 (a) and (b) shows the bottom surfaces of the compressed flat and curved layer
specimens respectively close to the deformation and fracture zones. It is evident that all the flat
layer parts are severely stressed and cracked almost uniformly at the central zones of the bottom
layers, while the curved parts seem to have only undergone some stretching and local distortion,
with the continuous filament structure still intact. A closer look at the critical zones of
deformation in both cases as shown in Fig. 5.28(a) and (b) reveals initiation of cracks at the
bottom most layers and subsequent growth across the width in the case of the flat layered
components. Possible reason for this could be the stress concentration on the ill formed filament
structure leading to a snapping of individual strands and subsequent gross failure due to the
propagation of the shearing action across layers. The same action on the curved parts could only
result in a localised distortion as a number of parallel filaments, sufficiently fused into one

another act together to resist deformation, crack formation, and growth.

Further evidence of the differences in the two fracture modes is obtained through SEM
photographs as shown in Fig. 5.28. In the case of flat layer samples, as obvious from Fig. 5.28
(@), individual strands opposite to the point of application of the compressive load are fractured
at multiple locations, disrupting the filament continuity as well as the general strand structure.
Contrary to this, the curved layer sample shows a continuous strand structure, which is still intact
even after the part is stretched beyond the normal elastic limits. In the case of the flat layers,
certain strands are loaded beyond the maximum limits probably due to an unfavourable meso-

structure leading to an uneven distribution of the internal stresses. There is also evidence of the
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inter-road bonds being disrupted in the fracture zones. In the curved layer sample, the strands
being continuous and sufficiently coalesced across roads and adjacent layers, resulted in a better
internal meso structure and a more uniform distribution on the internal stresses. The overall

material characteristics are superior and also the stress concentration points are avoided.

i S

(a) Flat layer FDM (b) Curved layer FDM

Fig. 5.27 Close-up views of deformation patterns: (a) Flat layer FDM and (b) Curved layer FDM

polymer 1.0kV 28 1mm x30SE(M ) 1.00mmf§ polymer 1.0

Fig. 5.28 SEM photos of factures: (a) Flat layer FDM and (b) Curved layer FDM
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To conclude, curved layer FDM is envisioned to be a promising solution to overcome the stair-
step and fibre-discontinuity problems in the case of thin shell-type parts. The existing curved
layer slicing models are reviewed; an enhanced algorithm is developed and successfully
implemented. Curved layer FDM is successfully implemented and physical parts are generated
using both Fabepoxy and ABS polymer. Curved layer specimens exhibited better surface
qualities as well as mesostructures resulting from long continuous fibres with improved inter-

road and inter-layer coalescence.

Experimental results also indicate better mechanical performance by parts produced using
curved layer FDM. The average fracture compressive load of curved layer parts under three
point bending was raised almost by 40%, compared to that of the flat layer counter parts. While
this could be attributed to the improved meso-structure, fracture zones clearly indicated greater
structural integrity due to continuous fibres resulting from CLFDM. Overall, the work done as
part of the research presented in this chapter allowed to develop improved curved layer slicing
algorithms, better implementation schemes and a comparative evaluation of flat and curved layer
slicing by experimental means. The results clearly indicate curved layer FDM to be better for
thin shell-type parts. However, there are other opportunities to further enhance these benefits,
either by combining the adaptive slicing discussed earlier and curved layer slicing to build
adaptive curved layers or by mixing both flat and curved layer slicing together to process

different regions of a given part differently, as will be elaborated in the next chapter.
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Chapter 6 Integrated alternative slicing and deposition

strategies for FDM

6.1 Alternative slicing and deposition strategies; a retrospective

The literature review of Chapter 2 envisioned the deposition strategies and styles and the overall
sintering environment to critically influence the eventual mechanics of material consolidation in
FDM. Varying raster orientations, adaptive and curved layer slicing are significant approaches
attempted often to control the deposition parameters by alternative means. Adaptive layer
deposition and the ensuing interactions with time and speed of printing are evaluated in Chapter
3. The role of varying raster angles in influencing the mechanical behaviour of FDM parts is
experimentally and analytically evaluated in Chapter 4. Curved layer slicing algorithms and
experimental evaluation of the true significance of curved layer deposition in specific cases are
presented in Chapter 5. Each of these approaches is proved to be significant in its own way in
influencing the mechanics of material consolidation in FDM. However, it is interesting to

evaluate how they work together in different combinations.

The effective consolidation of the material in FDM is predominantly governed by the inter-
strand and inter-layer sintering induced by the molecular migration. Sintering is in turn a time
and temperature dependent phenomenon. Temperature control is a more complex aspect in FDM
and a controlled variation is rather more difficult to achieve and is not attempted in the current

research. All aspects investigated in Chapters 3 to 5 consider a constant sintering temperature
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and in the experimental work, this is achieved by the use of a hot plate printing base and through
a proper control of the temperature of the extruded filament. However, the sintering time is an
integral aspect of all alternative FDM approaches attempted and cannot be assumed to be fixed
and will also interact with the speed of printing. These aspects are effectively evaluated through
the analytical models of Chapter 3 in the context of varying layer thickness and Chapter 4
considered the same with raster orientations. While the eventual sintering conditions, consequent
material structures and resulting properties can be controlled through properly adjusting the print
speeds in the case of printing with varying layer thicknesses, optimum raster angles could be

identified for each printed layer based on the observations from Chapter 4.

The curved layer slicing and printing approach evaluated in Chapter 5 proved to be effective in
improving the surface quality and also increasing the part strength in thin-shell type structures as
a result of the fibre continuity. Experimental evidence clearly indicated curved layer samples to
perform better under mechanical loading and the fracture modes demonstrated the marked
improvement in the material behaviour resulting from the fibre continuity and the elimination of

points of stress concentration.

Thus, all aspects investigated individually point to the effective control of the material deposition
system and ensuing time dependent coalescence as possible means of achieving better part
quality in FDM. At the same time, for a given part, it is also readily evident that it may be
necessary to combine two or more of these in different regions in order to achieve the best
material consolidation. For example, a part with a light-curved surface at the top and a solid base

is best printed with curved layers up to some depth at the top and then the rest with uniform flat
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layers. Further, if the same part has some intricate details in the bottom solid part, then adaptive
flat layer slicing may become necessary. The same is also true if the top curved part has intricate
details, as it may better be processed employing adaptive curved layer slices. All these aspects
require sufficient attention in terms of developing specific algorithms, integration of individual
solutions into an overall scheme and evaluation of the mixed mode approaches in specific case
studies. This chapter focuses on these issues, but first, some further attention is paid to the
evaluation and practical implementation of an adaptive slicing scheme, as this aspect was not

done in Chapter 3.

6.2 Adaptive flat layer FDM; a practical implementation

Although coalescence effects are mentioned in the previous chapters and flat layer adaptive
slicing (FLAS) was studied by other researchers, practical application was limited and as a
result, most solutions tend to be too theoretical, and often suffer from specific shortcomings.
Generally, cusp height shown in Fig. 6.1 (a) is the most significant criterion used in conjunction
with the surface roughness requirements to judge the suitable thickness of a layer in adaptive
slicing. The region with high slope or small radius of curvature will be less affected from cusp
height problems, while the region with slight slope or large radius of curvature will suffer more,
and in turn, will have more obvious stair-step effects. Further problems arising out of slice
thickness include missing finer details on surfaces perpendicular to the direction of slicing as
shown in Fig. 6.1(b) and negative and positive errors developed as shown in Figure 6.1(c). The
offsetting distance is based on the thickness of the layer and not directly related to the features or

details on the surface of the CAD file. Further, a slight difference in the angle with a slice of a
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given thickness also leads to loss of geometrical features as shown in Figure 6.1(d). All these
aspects are likely to adversely affect the surface quality of FDM parts and adaptive slicing

evolved as a possible means of resolving some of these issues.
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Fig. 6.1 Issues arising out of uniform flat layers; (a) cusp height, (b) missing features, (c) negative error (Left)

and positive error (Right), and (d) missing surface profile

Adaptive slicing algorithms need to be sufficiently robust to cover all the issues mentioned
above. The algorithm proposed by Dolenc and Makela [115] uses the cusp height to develop

adaptive layers using the equation:

B = cos™* (%) (eq.6.1)

where {3 is the included angle between the surface facet and the horizontal slicing plane, h. is the

cusp height, and t is the layer thickness as shown in Fig. 6.2.

The main problem with this approach is that it assumes a continuous variation of layer thickness,
as generated by the mathematical algorithm. In actual practice, there can only be a few layer
thickness options available, based on the FDM system used. The .stl or .amf files are already

approximations of the original CAD model, involving data loss during the conversion of the
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format. More data losses are likely to occur, with further format conversions, deteriorating the
internal or external details of the component. A feature detection model also needs to be
incorporated. The algorithm proposed by Dolenc and Makela [115] is revisited here considering
all these aspects and is practically implemented in specific cases as follows. Four specific layer
thicknesses, 0.1 mm, 0.2 mm, 0.5 mm and 1.0 mm, are used covering all necessary thicknesses
from the lower limits as per the specifications of one of the commercial FDM systems, Stratasys
Fortus 360mc [141], while the upper limit is based on the available extrusion nozzle of the

Makerbot Machine.

In this case, the cusp height is a user-specified parameter and it must be within the tolerance
limits of either the surface roughness or a part dimension, depending on the requirements.
Substituting pre-set thicknesses into Eq. 6.1, the ranges of included angles can be calculated for
given values of cusp heights. With these considerations and for a given cusp height of 0.1 mm,
when the above algorithm is implemented for the form with varying surface angles as shown in
Figure 6.3, layers of varying thicknesses as shown will result, while the angle and layer thickness

values vary as shown in Table 6.1.

Fig.6.2 Layer thickness and cusp height geometry
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Table 6.1 layer thicknesses and ranges of angles

Included angle range Layer thickness
[0°, 65°) 0.1mm
[65°, 79°) 0.2mm
[79°, 85°%) 0.5mm
[85°, 90°] 1.0mm

20

xads

20

Fig. 6.3 Adaptive slicing based on the cusp height criterion

This adaptive slicing procedure based on the cusp height can handle most situations, but fails in
handling minor variations in shapes, such as the ones shown in Fig. 6.1(b), (c) and (d). A further
modification involving the consideration of the residual height after creating every slice is
proposed and implemented here to overcome these shortcomings. The tessellated format file
describes the geometrical features by triangles. The boundaries of triangular facets cover all the

small features. The slicing process usually proceeds from the bottom upwards, along the vertical
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axis. When developing a slice at a given height, all the triangular facets that are intersected by a
horizontal plane considered at that height are collected, as shown by the shaded triangles in Fig.
6.4(a). The set of triangles thus gathered as in Fig. 6.4(b) are sliced with the horizontal plane at
the current height and the slice shape is developed based on the intersecting points. The process
is repeated with other layers using equal increments, in the case of uniform layers, or at the
appropriate increments as decided by the above algorithm in adaptive slicing. The need to
modify the basic adaptive slicing algorithm considering the residual height h,., the distance
between the top of the current layer and the lowest apex of the triangular facet as shown in Fig.

6.4(c) is realised and implemented in this work.

(@) (b)

Fig. 6.4 Evaluation of the residual height; (a) tessellated .stl file, (b) sliced facets grouped together, and (c) the

residual height consideration

The residual height varies with different situations, depending on the configuration of the

triangular mesh. The equation of the residual height can be written as:
h, = max(zj) — Hiotal (eq.6.2)

Where h,; is the residual height within the critical triangular facet, z; is the z coordinate of each

vertex on the triangular facet and H;,.4; is the total height of the stacked layers.
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The residual height to determine the next layer thickness is:

h, = min{h,; .. hq} (eq.6.3)

Once the residual height h,. is confirmed, the slicing algorithm will choose a layer of appropriate
thickness to fill the gap from the thickness options available. Based on the residual height
considerations, the combinations of included angle and layer thickness for a given cusp height of

0.1 mm as used earlier will change as shown in Table 6.2.

Table 6.2 Included angle and layer thickness combinations together with residual heights

Included angle range | Residual Height (h,.) Layer thickness
[0°, 90°] [0, 0.2) 0.1mm
[65°, 90°] [0.2,0.5) 0.2mm
[79°,90°] [0.5,1.0) 0.5mm
[85°, 90°] [1.0, o) 1.0mm

The algorithm is converted into a MATLAB code and implemented in different cases. Two
specific examples are shown in Fig. 6.5 (a) and (b) depicting the effectiveness of employing the
residual height considerations in the adaptive slicing scheme. In both cases, the left part is the
layer pattern obtained with normal adaptive slicing and the right part is the layer pattern obtained
with adaptive slicing together with the residual height. It is readily evident that the residual

height consideration is very effective in capturing finer details and surface variations.
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(a) (b)

Fig. 6.5 Adaptive slicing using (a) cusp height criterion alone and (b) both cusp and residual height criteria

Z axis

y axis (b)

Fig. 6.6 Adaptive flat layer slicing applied to the light-curved part; (a) adaptive slices and (b) raster paths
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The light-curved part used for all the experimental work presented in Chapter 5, is again
considered here, but with the thickness increased to 6 mm. It is then sliced using the MATLAB
code, implementing the modified adaptive slicing algorithm. The isometric and the side views of
the adaptive layers obtained are shown stacked in Fig. 6.6 (a). It may be observed that varying
external surface profiles at the top of the arch and at the point where curved and flat surfaces
meet resulted in layers of finer thicknesses. Fig. 6.6 (b) is the continuous print path pattern

needed for the actual printing as discussed in the next section.

The nozzle size used for printing in this case is 0.5 mm and two different filament sizes 0.5 mm
and 1.0 mm are generated for printing, the actual mechanism of achieving this will be discussed
more in detail in section 6.3. The effects of print speed and time on coalescence together with
varying filament sizes are modelled and discussed in Chapter 3. With print speed being the same,
thicker layers use lesser time than thinner layers and so suffer from a loss of coalescence. When
these observations are applied to the adaptively sliced specimen here, it is obvious that different
material characteristics result in different zones, if the speed of printing is the same for both
thick and thinner layers. In order to achieve the same level of coalescence and mechanical
characteristics throughout the volume of this test piece even with the use of layers of varying
thicknesses, appropriate print speeds must be established for the two filament sizes. For this, Eq.
3.33, discussed in Chapter 3 can be used. With the thicker and thinner layers at 1.0 mm and 0.5
mm for the present case, based on Eq. 3.33, it can established that the thinner layers must be
printed at four times the speed of printing of the thicker layers to achieve similar coalescence and

mechanical characteristics. However, there will also be further effects due to the size of the
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filament, variations in the latent heat and so on, but these minor variations are neglected in the

current work.

6.3 Adaptive flat and uniform curved layer slicing; a comparison

A comparative evaluation of the adaptive and curved layer slicing schemes is undertaken now in
order to be able to establish the relative merits in actual practice. For completeness, uniform flat
layer, adaptive flat layer and curved layer slicing are considered together for evaluating the
relative significance of each method. The modified Makerbot system introduced in Chapter 3 is

again used for printing test samples of the same shape as in Fig. 6.6.

The uniform and adaptive flat layer and curved layer deposition schemes are implemented on the
upgraded Makerbot system. The .stl format file of the basic test piece shape is processed using
different MATLAB modules developed to generate the slices and deposition path ways in
different approaches. The uniform flat layer slices and the integrated deposition path data
generated are presented in Fig. 6.7 (a) and (b) while similar data for the adaptive slicing and
curved layer slicing cases are already presented in Fig. 6.6 and 5.25 respectively. Test pieces
printed with uniform, flat, adaptive flat and curved layer slices are shown in Fig. 6.8. The layer

thickness is 0.5 mm in both uniform flat and curved layer cases.
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Z axis

(b)

Fig. 6.7 Uniform flat layer slicing and raster path generation for the light-curved part

For better comparison and in order to achieve the maximum strength under uniaxial
compression, all three specimens are printed with a 0° raster orientation, based on the analytical
and experimental results of Chapter 4. Four specimens are printed for each case and tested for
three-point bending performance. The experimental data in terms of the maximum compressive
load in each case is compiled in Table 6.3 for a statistical evaluation of the comparative
performance of the three FDM deposition strategies. The average compressive load in the case of
conventional flat layered components falls short by 140 N compared to the adaptive layer parts,

while the adaptive flat layer parts scored almost 200 N below the curved layer counterparts.
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Though curved layer slicing appears to be scoring better, considering the experimental
difficulties, these results may have limitations, as also indicated by the widely varying standard
deviation values. It may also be noted that the results with the curved layer samples presented in
Chapter 5 are different from the current results as thickness values of samples are different

between the two experiments.

Fig.6.8 Uniform and adaptive flat layer and uniform curved layer parts printed with ABS polymer

The average fracture compressive load under three-point bending of curved layer parts increased
almost 28% and 42% compared to that of the adaptive and conventional flat layer parts
respectively. Eventually, all these results are in effect the consequences of varying internal
mesostructures. The total print time with curved layer slicing is slightly more at 16 minutes as

against the average 14 minutes time required for the other two cases.
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Table 6.3. Three point bending results comparing uniform and adaptive flat layer and uniform

curved layer slicing

Maximum Compressive Load (N) Standard .
N ) Average o Time
Deposition Strategies deviation
Part1 | Part2 | Part3 | Part4 (N) ) (sec)
Uniform Flat layer slicing | 582.666 | 582.333 | 691.666 | 649.333 626.500 46.476 840
Adaptive Flat layer slicing | 806.000 | 702.333 | 863.000 | 687.333 764.666 72.876 840
Curved layer slicing 963.000 | 926.333 | 986.000 | 930.333 951.417 24.515 960

6.4 Curved layer adaptive slicing

While curved layer slicing eliminates stair-step effects and enhances fibre continuity in light-
curved parts, adaptive slicing mainly allows for finer details to be captured more effectively.
Evidently, a combination of both is expected to result in better part characteristics and
reproduction of detail. This section presents the method of combining the curved and adaptive

layer slicing together and the outcomes of implementing the same in a couple of applications.

The process of identifying the reference surface to be offset is similar to the curved layer slicing
algorithm. The adaptive curved layer slicing comes into effect when the side surfaces are
inclined beyond a certain limit or when there are certain projecting details to be captured. Finer
details such as projections or recesses on side surfaces are processed relatively easily by the
residual height criterion as explained earlier. However, the slanting surfaces need specific
attention through a proper evaluation of the included angles of the facets. This means, apart from

the top surface, a part of the side surface also needs to be considered to be able to implement the
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curved layer adaptive slicing approach. Based on Eq. 6.1, a user-defined cusp height is the local

control parameter to differentiate between the top and side surfaces.

After fixing the part print orientation, the facet data is gathered from the .stl format file. The
algorithm uses the cusp height based on Eg. 6.1 to identify the top surface as well as develop
adaptive layers. Once the included angle is defined, the top original reference surface (surface to
be offset) and the side surface (non-offsetting surface) can be easily identified for subsequent
offsetting. However, it may be noticed here that the adaptive curved layers generated need to be
stretched to meet the inclined surfaces. This requires identification of both the top surface and
parts of side surfaces of the model. The .stl format file defines six specific areas; top and bottom,
front and back, left and right as shown in Fig. 6.9 and for the sample test piece considered in this

research, various areas are defined as follows:

Top, bottom and side facets are defined by the angle between the normal vector and z axis.

Top: 0° < angle < 45°
Side: 45° < angle < 135°

Back: 135° < angle < 180°

Front, back, left and right facets are defined by the angle between the normal and x axis

following the counter clockwise direction.

Front: —45° < angle < 45°
Left: 45° < anlge < 135°

Back: 135° < angle < 225°
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Right: 225° < angle < 315°

Using this data, the top reference surface (surface to be offset) and the side surfaces (non-
offsetting surfaces) can be easily identified for subsequent offsetting, similar to the curved layer

slicing algorithm presented in Chapter 5.

Fig. 6.9 Area definitions for a .stl format file

First, based on the .stl file as shown in Fig. 6.10(a), the top surface to be offset is selected. Using
the coordinates of the points on the selected surface, the upper and the lower limits are defined
passing through the points with the maximum and the minimum Z-coordinates respectively, as
shown in Fig. 6.10(b) which result in an offsetting zone. The facets from the side surface sliced
by the offset zone are detected next and grouped to form the adaptive slicing zone as shown
shaded in Fig. 6.10(c). From the selected set of facets, the presence of specific features or slopes
will allow to determine the offsetting distance as shown in Fig. 6.10(d), using the cusp and

residual height calculations.
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Fig. 6.10 Offsetting adaptive curved layers; (a) .stl file, (b) upper and lower limits of the top surface, (c) offset

zone, and (d) offset curved layer

Once the offset distance is determined, the offsetting procedure begins gathering the vertices on
the reference surface, followed by the calculation of offset vectors similar to the curved layer
offsetting method discussed in Chapter 5 with three possible scenarios; (1) two side facets (2)
one adjacent linked facet and a side facet, or (3) two adjacent linked facets. The auxiliary planes
used here are replaced by the side facets. Eq. 5.14 in Chapter 5 will still be used in curved layer
adaptive slicing, based on different situations to choose the matrix [N] and the vector [D]. While
the third case is similar to the normal curved layered slicing, the other two situations could lead
to displaced nodes, if offset by imaginary vertical planes. To eliminate this, the actual side facets
are used in the three plane algorithm, as against using the imaginary vertical planes, but, it might
lead to additional difficulties, violating certain basic rules of formation of facets in the .stl format

files, as depicted in Fig. 6.11(a), (b), and (c).

When overhanging features are involved, flipped elements are likely to result with surfaces
sloping upwards or downwards as shown in Fig. 6.11(a) and (b). This is the result of one or two
vertices offset inwards, which will also lead to a flipped normal. To eliminate this, the resulting

normal is compared with the normal from the reference facet and if the two directions are not the
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same, the facet will be deleted. Multi offsetting points (multi nodes) result, when a given vertex
is connected to more than one facet, as shown in Fig. 6.11(c). This problem is resolved by
forming new offset facets as shown in Fig. 6.11(d), making use of the extra points generated in

the process.
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Fig. 6.11 Curved layer adaptive slicing issues; (a) upside-down offsetting, (b) unconnected points, (c) multi

nodes, and (d) facet reconstruction

Deletion of offset facets from overhanging features often gives rise to either voids or interference
between the offset facet and the bounding surfaces, as shown in Fig. 6.12. These issues can be
resolved either by extending or by trimming the critical facets. The points where the extended
offset facet intersects with the side surfaces are first obtained by using the three plane algorithm

as explained in Chapter 5. No correction is necessary, if these points match with the nodes of the
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offset facet. Otherwise, the element connectivity will be changed eliminating either unfilled

areas or unwanted interference.

Top facet 2

Offset facet (Existing after offsetting)

Top facet 1

Side facet (Eliminated after offsetting)

Fig. 6.12 Voids or interference caused by deleted facets

The overall scheme of the curved layer adaptive slicing algorithm is depicted as a flow chart in
Fig. 6.13, developed using the standard symbols as exemplified by Hayasi and Asiabanpour
[142]. The algorithm is applied to two specific cases as shown in Fig. 6.14 and 6.15. Both are
essentially based on a light-curved shape, but the part in Fig. 6.14 has bevelled end faces, while
that in Fig. 6.15 has a fine projecting feature. As shown in Fig. 6.14 (b), the curved layer
adaptive slicing algorithm sensed the variation in the slopes of the end faces and developed
curved layers of two different thicknesses. Similarly, the fine projected detail is captured by

means of two finer curved layers as shown in Fig. 6.15(b).
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Fig. 6.13 overall scheme of the curved layer adaptive slicing algorithm
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Fig. 6.15 A light-curved part with a fine projecting feature

The earlier curved layer FDM algorithms essentially used only 0° raster angles for the deposition
path ways. Tool path generation for adaptive slicing has been attempted by other researchers
with boundary contour and internal filling [143]. However, for practical testing of the
mechanical properties of curved layer adaptive slicing of FDM parts, the internal filling pattern
iIs more important. Hence, the tool path generation is only focused on the internal filling pattern
in this research. This requires a relatively sharp response in change of motion in both the Z-

direction as well as the internal drive mechanism of the deposition head considering the steep
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rise along the curved path. From past experiences, the author realised that a 45° raster orientation
makes it much easier to synchronise the two motors. Also, considering the isotropic nature of
FDM parts, a criss-cross raster pattern with varying raster angles is beneficial but in the current
cases a 45° raster angle is uniformly applied in all layers. The tool path generation algorithm
used here is capable of these considerations. Parallel equidistant vertical planes are used at the
selected raster angles to slice the top surface. Properly ordered intersection points with the
corresponding facets form the point cloud data for building the raster paths. The raster paths are
then connected in a proper sequence to develop the deposition path for building the part from the
bottom upwards. Fig. 6.16 shows the simple curved part, adaptive curved layer slices and the

raster paths generated for the final deposition scheme.

Fig.6.16 Adaptive curved layer slicing of a .stl format file and raster path generation

Theoretical and experimental investigations done on flat layer adaptive slicing were presented in
Chapter 3. An experimental implementation of the adaptive curved layer slicing is attempted
here to understand the influence of varying curved layer thickness on the mechanical
characteristics. The modified Makerbot cupcake machine is the test bed again, with ABS
polymer as the raw material in the filament form. Implementation of varying layer thicknesses in

the same part calls for a multi-head extrusion system. However, the strand from the tip of the
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extrusion nozzle swells due to sudden release of pressure at the exit [38], which allows for a
means of achieving different road diameters with a single extrusion head. According to
Agarwala et al. [110], the following relationships are valid amongst road width, thickness,

nozzle diameter and the extruder motor speed

Q=W-T-v (eq.6.4)
4F - Q
H = 7 (eq.6.5)
H
n= - (eq.6.6)

where W, T, v, Q, d, r and n are road width, thickness, extrusion nozzle movement speed,
volumetric flow rate, filament diameter, roller groove radius and roller speed. F is the friction
factor between the rollers and the filament. Ideal gripping and feeding requires F to be equal to
1. If F > 1, then the filament is crushed by the rollers and if F <1, then the filament slips between
the rollers. Based on Eq. 6.6 to 6.6, provided the roller speed is fixed or similar, different layer
thicknesses can be achieved by changing the road width and the speed of printing. The
relationship between thickness, road width and speed of printing is

var  WoTh dnz2

— = e 67
v Wiy 4.2 (eq.6.7)

Appropriate use of these equations together with the settings on the test bed allowed achieving
different layer thicknesses effectively from a single nozzle. For example, a faster extrusion rate
coupled with a relatively slower print speed results in an accumulation of excess material for a

given length of the printed strand, and will result in a larger filament diameter. However, there is
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only a narrow range of variation in diameters possible by this means, as too much of material
accumulation results in a wavy strand and too less of extruded material results in unnecessary
stretching and perhaps a variation in the internal molecular structures. Commercial FDM
systems also use similar approaches to achieve filaments of varying diameters from the same
deposition head. In the current experiments, a 1 mm nozzle is used and by programmatically
varying process conditions, three different layer thicknesses 0.8 mm, 1.2 mm and 2.4 mm are
obtained. It may be noted that these thicknesses are different from those used for the
mathematical models earlier, for the same practical constraints as stated here. Four specimens of
the light-curved part shown in Fig. 6.16 are printed with overall dimensions 50mm X 20mm X 4
mm with each of the three strand sizes. The top and bottom surfaces were processed with 45°
raster lines and the layers in between are filled with 0° raster lines. The curved parts defined by
the .stl format files are sliced with layers of different thicknesses and the deposition paths are
generated as shown in Fig. 6.17(a), (b), and (c) using MATLAB programs. The tool path data
generated from MATLAB is converted into G and M codes and then transferred to the RepG 24
interface of the FDM test bed to physically build the specimens. Considering the limitations of
the make-shift experimental setup, three specific cases are considered; the space between the top
and the bottom layers is filled by three, two, and single curved layers as shown in Fig. 6.17(d),
(e), and (f) corresponding to the use of layers of thickness 0.8mm, 1.2 mm and 2.4 mm
respectively. Fig. 6.18 presents photographs of physical specimens built with the three different

curved layer configurations.
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Fig.6.17 Adaptive curved layer slicing and deposition path generation; (a) three-central-layers, (b) two-

central-layers, and (c) one-central-layer

Fig. 6.18 Adaptive curved layer specimens printed; (a) three-central-layers, (b) two-central-layers, and (c)

one-central-layer

The specimens produced are tested under three point bending loads as in Chapter 3. The curved
specimens are placed on two supports with a 44mm central distance and the compressive load is
applied centrally. All specimens initiated fracture cracks at the bottom surfaces at 45°
inclinations, due to the 45° raster angle orientation used. Maximum compressive loads withstood

by different samples, together with other results are given in Table 6.4.
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Table 6.4 Results of three point bending tests on specimens produced with adaptive curved layer printing

3-central Equivalent Average Average
laver Time | Speed | Width | Thickness Testing Equivalent Flexural E uivaI% nt Flexural
s ec)i/men (sec) | (mm/s) | (mm) (mm) Load (N) Load (N) Stress qua d (N) Stress
P (MPa) (MPa)
1 474 12 19.98 491 350.666 232.962 32.5
2 474 12 20.06 4.95 318.666 207.4648 27.2 225 419 309
3 474 12 20.02 4.92 357.333 235.9548 33.1 ' '
4 474 12 19.56 4.67 300.333 225.2944 30.9
2-central Equivalent Average Average
laver Time Speed | Width | Thickness Testing Equivalent Flexural £ uivalgent Flexural
s ec)i/men (mm/s) | (mm) (mm) Load (N) Load (N) Stress qua d (N) Stress
P (MPa) (MPa)
5 480 5.18 19.42 4.63 319 245.2051 35.3
6 480 5.18 19.42 4.7 308.333 229.9985 318 231,640 32
7 480 5.18 19.52 4.67 289.666 217.7378 29.1 ' '
8 480 5.18 19.3 4.65 304.666 233.6204 32.6
1-central Equivalent Average Average
laver Time Speed | Width | Thickness Testing Equivalent Flexural E uival% nt Flexural
s ec>ilmen (mm/s) | (mm) (mm) Load (N) Load (N) Stress qua d (N) Stress
P (MPa) (MPa)
9 485 1.28 20.04 4.42 322 263.1865 41.0
10 485 1.28 19.9 4.46 293 236.8617 34.3 £39.978 353
11 485 1.28 19.92 4.44 289.666 236.0436 34.2 ' '
12 485 1.28 20.18 4.43 277 223.8212 315

Evidently, the three layer sample gave the least average equivalent load and flexural strength.

The two layer sample is in the middle of the range, and the single central layer sample gave the

load and strength values at 239.978 N and 35.3 MPa respectively. Again, considering the wide

experimental errors, and the variations within narrow zones, the inferences from these results

must be considered with some caution. Based on the observed trends, adaptive curved layers

appear to influence the mechanical characteristics, with thicker layers performing slightly better

under mechanical loading. This trend is in accordance with the theoretical and experimental

results obtained by evaluating adaptive flat layer slicing in Chapter 3. Thicker filaments

experience better inter-road coalescence due to more time and more favourable thermal
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conditions resulting from higher residual energy in each strand. A thicker layer also reduces the
chances of discontinuities. While the print speeds for the top and bottom layers are the same at
12 mml/s, the intermediate layers with thicknesses 0.8 mm, 1.2 mm and 2.4 mm are printed with
speeds 12 mm/s, 5.18 mm/s, and 1.28 mm/s respectively in order to keep the total print time
almost similar as given in Table 6.4. Realising that the print time is kept almost the same, the
sample with the thickest layer should perform the best, as per the analytical model presented in
Chapter 3 as Eq. 3.36, which is also readily evident from the experimental results listed in Table

6.4.

6.5 Mixed-mode slicing; combined flat and curved layer slicing

Evidently, curved layer FDM is a successful means of minimizing the stair-step effects.
However, an interesting observation from Table 6.3 is that the total build time required for
curved layer printing is more than that needed for flat layer printing. Though the difference in
this case is relatively small, it may be much more in other situations; one of the primary reasons
is the relatively inferior control on the Z-motion, rendering the FDM systems as two and a half
axes systems rather than the expected 3-axes ones. Further, the total distance travelled by the
extrusion nozzle is longer in curved layers for better representation of the geometrical shape of
the test part, compared to the flat layers. As the application of FDM for manufacturing purposes
increases in general, the total production time for a given part becomes quite important, and
CLFDM approaches fail to fully satisfy this requirement. On the other hand, it is evident from
Chapter 3, that adaptive slicing saves some build time, while maintaining or even improving the
mechanical characteristics to some extent, notwithstanding the insufficiently resolved stair-step

effects. Curved layer slicing is very effective in overcoming the stair-step effects and also
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improves mechanical characteristics in thin shell type parts, but completely neglects the time-to-
build aspects. Apparently, a better scheme of slicing and building FDM parts can be developed

by appropriately combining both approaches together in a given part.

Inspired by the accurate external, fast internal slicing algorithm [86] and region-based adaptive
slicing algorithm [118], a new slicing process combining both curved layer and adaptive flat
layer slicing is developed. The basic approach is to slice the exterior with curved layers in order
to capture finer details effectively as well as minimise the stair-step effects and use adaptive flat
layers in the interior to optimise time and the mechanical characteristics of FDM parts. The first
step of the proposed combined model involves an algorithm for dividing the CAD model into
curved and flat layer regions. Appropriate curved layer and adaptive layer slicing schemes are

developed next, together with the integrated deposition path generating algorithms.

6.5.1 Dividing the total volume into different sub-regions

Although different CAD format files could be used for subdividing a given model, the .stl format
file is again used here for reasons already stated. The top surface data is critical, including the
facets, vertices and normal directions. After collecting the top-surface facet data, some further
processing as mentioned in Chapter 4 is used to bundle the linked facets into groups for the
curved layer slicing. Once the top surface data is gathered, the next step is to divide the domain
into curved and flat layer regions. Considering the required quality of the top surface, the curved
layer slicing takes precedence over the other and should follow the shape on the top surface. Flat
layers take over at some stage and it is necessary to establish the boundary between the two

regions. The criterion used to decide this boundary is based on observations on the pattern of flat
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layers deposited on supporting scaffold structures. Fig. 6.19 depicts flat layer filaments deposited
on vertical scaffold structures of varying span. As evident from Fig. 6.19(a), the filament
normally sags under its own weight and the associated plasticity. This effect can be eliminated
by printing multiple layers on the same support structure as shown in Fig. 6.19(b) or by reducing

the span length as shown in Fig. 6.19(c).

When curved layers are deposited over flat layers, the boundary condition between the two
regions will be as shown in Fig. 6.20(a). Ideally, the curved layer is laid on top of the flat layers
and represents the actual shape of the part, mostly using curves or splines. In the deposition
system, all the curves or splines are converted to straight line segments, as shown in Fig. 6.20(b).
In the actual deposition, the curved layer is a composite of strands. These strands are semi-
melted and still soft when they are just extruded out of the nozzle. Therefore, they do not exactly
represent the shape of the surface; instead, they will bend due to gravity, as shown in Fig.
6.20(c). Similar to the cusp height, a chordal height evaluation is used here to identify the

boundary between curved and flat layer regions.

I e

(a) (b) (c)

Fig. 6.19 Issues with flat layer deposition and solutions; (a) bending phenomenon during deposition, (b)

Multi-layer solution, and (c) reduced gaps
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(a) (b) (c)

Fig. 6.20 Boundary connection between flat and curved layers; (a) ideal connection, (b) tool path connection,

and (c) actual connection

Chordal error was mentioned in Chapter 2 describing the defects arising from piecewise linear
segments used to represent a curved surface. The chordal height is used here as the criterion to
determine the magnitude of the region to be filled with curved layers in order to eliminate the
stair case effects based on the maximum allowed chordal error as defined by the end user. The
amount of sagging in the plastic filament is taken into consideration to define the chordal error.
Consider the deposited strand as a uniformly loaded simply supported beam, where the load
comes from gravity. The deposited strand bends and a gap exists between the required shape and
the actual deposition as shown in Fig. 6.21(a). The maximum deflection, which is assumed as the
elastic deflection but irreversible, can be calculated as:

5qC*

Hcrordar = 384E] (eq.6.8)

Once the first curved layer is deposited, the supports are wrapped around and the first layer
offers a better support for the next layer, thus reducing the subsequent chordal height, as shown

in Fig. 6.21(b). The relationship between the first and second chordal heights can be written as:

4
Hchordal previous __ Cprevious

7 (eq.6.9)

H chordal current Ccurrent
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Where q is the uniform load per unit length due to gravity and depends on the angle a between

the facet and the horizontal plane: q = pA cos a dx, p is the density of the material.

The geometrical relationship between Cprevious aNd Ceyrrent IS:

Gy Ry Ry

Ccurrent B Rcurrent B R1 —Thickness (eq. 6.10)

Cprevious _ Rprevious _ Rprevious

Ceurrent Royrrent Rprevious — Thickness

Thickness

where Ry = ————

Eq. 6.6 could also be used to determine the air gap for the support structure or help to determine

the quantity of the layer to fit the current air gap in the support structure.

Rtop

Rbmtum

Cbottom
Uniform Load

Hchurdal

(@) (b)

Fig. 6.21 Bending deposited strands; (a) uniform load forming a gap of deflection and (b) geometrical

relationship of the chordal deflection between two consecutive layers
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The chordal height is used as follows:

1.

3.

The angle of each facet on the top surface is noted and used with the minimum thickness
of the layer to calculate the maximum span. Based on the angle between the facet and the
horizontal plane where the maximum span is, the deflection is obtained as the initial
chordal height, as shown in Fig. 6.21(a).

Once the initial chordal height is obtained, the top surface is offset to form the curved top
layer as shown in Fig. 6.21(b). The chordal height from all the facets is calculated and
used to get the maximum chordal height.

Then the maximum chordal height is compared with the user-defined chordal error. If the
maximum chordal height is greater than the user-defined chordal error, extra curved layer
needs to be used.

Repeat the same procedure until the chordal height meets the requirement and finalize the

required number of curved layers.

Once the number of curved layers is finalized, the bottom layer needs to be offset once to

become the top surface of the flat layer region.

6.5.2 Reconstruction of flat layer regions

Once the curved and flat layer regions are clearly distinguished, curved layer slicing is done

using the methods discussed above. The flat layer part needs to be reconstructed back into the .stl

format file, as conventional flat layers generated based on the whole volume are likely to

interfere with the curved layers. This reconstruction could reduce the inaccuracy and could be
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used for further subdivision. The reconstruction starts from restructuring the top surface of the
flat layer region, which will also serve as the boundary between the curved and flat layer
portions. The top of the flat layer is generated by offsetting the bottom-most curved layer
through one layer thickness. The triangular facets on the side faces also may need restructuring,

as most of them get distributed over the two regions, as shown in Fig. 6.22.

Fig. 6.22 Facets on the side face crossing the boundary between flat and curved regions

Two different methods of reconstruction are used, depending on the complexity of the shape.
First, considering a simple solid shape with a curved feature as shown in Fig. 6.23(a), the flat
layer portion is reconstructed into a new .stl file, by projecting the top nodes of all side facets on
to the boundary surface between the curved and flat regions. Further, the element numbers and
connectivity are carried forward from the original .stl file, as these will remain the same, even
with the restructured shape of the flat layer portion. After the reconstruction, the coordinates of
the top surface points are modified, and the stl form of the flat layer portion looks as shown in
Fig.6.23 (b). However, this works well only when the offset surface and the top surface of the

flat region parts are one and the same.
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Fig. 6.23 Reconstruction of the flat layer region by offsetting points

When the offset surface is not the new reference top surface of the flat region, for example, as in
the case of the slightly more complex shape shown in Fig. 6.24(a), an altogether new .stl format
file needs to be built. The part shown in Fig. 6.24 has an irregularly shaped lateral hole,
intentionally created to be able to test the effectiveness of the algorithm developed. The
algorithm proposed is not a generalised scheme that can process any given shape, but will be
able to handle a given solid part with a cavity of any shape inside. Based on a given range of
normal directions, all faces of the given solid with a horizontal orientation are identified. In the
case of the previous part, there are only two such surfaces, the curved one becomes the top
surface and the flat one becomes the bottom surface. In the case of the part with a central cavity
or hole, there are four such surfaces. The highest curved surface will be considered as the top
surface for the whole part, and the bottom surface of the curved region will be differentiated
from the actual bottom surface based on a check using the z-coordinates. Once this is done, the
curved region is clearly identified, and the rest of the part becomes the region for flat layer

slicing.
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First, the points on the intermediate surface of the solid together with the points on the boundary
between the curved and flat portions of the solid are marked, for example as points A, B, C,... in
Fig. 6.25, as seen from the side view of the solid. Once the boundary points are identified, they
are divided into two sets; the set that are freshly formed due to a partition between the curved
and flat regions, such as points A, B, G, and H, and the set that are already existing in the
original .stl file, such as C, D, E, and F. With the set of already existing points, there are
triangular facets that are already defined and they will be used as they are. However, with the
new set of boundary points, new facets are generated following the rules of triangulation.
Further, the side facets also will be modified only where they are connected to the new points,
while the existing facets are used with other points. For example, in the shaded portions on either
side of the side view shown in Fig. 6.25, some of the existing facets are deleted and fresh
connections are made joining points like A, B, G, and H to the bottom corner points, | and J.
After implementing the algorithm, the curved and flat regions of the part with a central hole are

separated and triangulated as shown in Fig. 6.24 (b).

Fig. 6.24 reconstruction of flat layer region using the existing facets
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Fig. 6.25 Point-selection criteria for facet reconstruction

6.5.3 Combined flat and curved layer slicing

The mixed mode slicing techniques are implemented in MATLAB and tested for specific cases,
first with uniform layers and then with layers of varying thicknesses. Fig. 6.26 (a) shows the .stl
format file form and the combined curved and flat layer slices generated for the full solid part
using the current algorithms. It may be seen that the top surface is modelled with curved layers,
while the solid base part is filled with uniform flat layers. The maximum span is 6.995 mm and
the chordal height based on Eq. 6.3 becomes 0.001mm. Considering a maximum deflection of
5% and using Eq. 6.5 and 6.6, it was found that a single curved layer satisfies the required error
criterion. However, considering other practical problems, three extra curved layers are used,
which will also allow for a shell of sufficient strength to envelop the flat layered core. Once the
curved region is finalised, the boundary surface is generated, and the flat layer zone is
reconstructed using offset vertices and facet reconnection approaches in this case, considering

the relatively simple shape as shown in Fig. 6.26 (b).

231



Early research by Mani et al. [118] emphasises the need to properly sequence the deposition
styles while using multiple deposition schemes. It may be realised that practical implementation
of mixed curved and flat layers also requires some consideration and planning prior to actual
deposition. Apparently, this part considered for the current investigation requires the flat layer
portions to be deposited first, so as to serve as the basis for the curved layer deposition. Based on
the slice data, the two sample parts are rasterised using 45° orientations as shown in Fig. 6.26(c),
with the help of the deposition path generation algorithms implemented in MATLAB. The
deposition path data is properly connected to form the appropriate sequence of deposition and
converted into G and M codes. This information is further transferred to the Rep G 24 interface
of the FDM test bed to physically build the test pieces. The model in Fig. 6.23 does not require a
support structure and the bottom part is printed using flat layers. The upper curved form is built
using curved layers as shown in Figure 6.26(d). Figure 6.26(e) shows the final part after the

support structure is removed.
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(a)

(b)

(e)

Fig. 6.26 Sample part with a curved surface; (a) .stl file, (b) subdivision into zones and slicing, (c) tool path

generation, (d) actual printed part with support structure, and (e) final part

While uniform flat and curved layers need 946 and 1409 seconds respectively, it was noted that

the combined curved and flat layer slicing is a good compromise, requiring 1187 seconds as

given in Table 6.5, to build the whole part with better surface quality and internal structure.

Table 6.5 Comparative build times for different deposition strategies

Deposition Style Build Orientation Build Time
Flat Layer Deposition 90° 946 s
Flat Layer + Curved Layer Deposition 90° 1187s
Curved Layer Deposition 90° 1409 s
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As already mentioned, the second test part is similar in shape, but has a lateral through hole of an
irregular shape, as evident from the form depicted in Fig. 6.27(a) by the .stl format file. In this
case, there are two distinctly different zones; one of thin shell type form and the other of a
normal slab shape. As evident from Fig. 6.27(a), the algorithm picked up the thin shell type
region to slice using curved layers. For the lower part, the boundary surface partly matches with
the lower curved layer, while the central portion needs to be freshly constructed. A new parting
surface is generated with extra facets and the lower part is rebuilt in the stl form and sliced using
the uniform flat layer slicing algorithm. The mixed curved and flat layer slices created are shown
in Fig. 6.27(b). For the tool path generation, the bottom flat layer part is to be printed first and
then the sparse support structure, before laying out the curved layers. The deposition path data is
generated accordingly and connected to form the appropriate sequence of deposition as shown in
Fig. 6.27(c) and converted into G and M codes. The actual printed part and the final part are
shown in Fig. 6.27 (d) and (e). Mechanical testing of this part is not feasible at this stage, but the
resulting meso-structures are much better than those possible by the uniform flat layer means.
Instead, further attention is paid in testing the effectiveness of these algorithms in more complex

cases as presented next.
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(a) (b)

(e)

Fig. 6.27 Sample part with a curved surface and a cut out feature; (a) .stl file, (b) zone subdivision and slicing,

(c) tool paths generation, (d) actual printed part with support structure, and (e) final part

6.6 Integrated alternative slicing and deposition; some case studies

The next step is to combine all forms of slicing and raster orientation aspects evaluated as part of
this research into a multi-mode algorithm, to be able to identify the best solutions in different
zones and build the best combination of slicing solutions for a given model. The uniform and
adaptive flat and curved layer slicing schemes developed, together with the knowledge gained on
the role of raster orientations are combined into a unified approach, referred to as the integrated
alternative slicing. The algorithm is coded in MATLAB and allows processing any solid model
and building appropriate layer and raster path patterns using the most suitable combinations of
the alternative schemes available. It may readily be realised that a single solution cannot

effectively handle all types of solid forms. A given part is usually divided into two or more
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regions and the method to be used for this division varies depending on the overall geometry of

the part. The flow chart of integrated alternative slicing is shown in Fig.6.28.

Three different approaches are developed here for resolving geometrical complications of
varying degrees. The first method is a fully automated routine which segregates the curved and
flat layer zones without any user intervention and can be used with parts of relatively simple
shapes, as is the case with the examples presented for the combined flat and curved layer
solution in section 6.5.3. The second approach is also fully automatic, but requires the user to
specify a plane of separation for the two zones and in the absence of any specific input from the
user, the central plane at mid-height will be used by default. The third method is for more
complex cases and involves dividing the part domain into more than two zones and some user
input prioritising different schemes based on specific attributes of each zone. The integrated
alternative slicing and deposition scheme developed is now tested based on three typical cases
requiring the three solutions mentioned. It may be noted that the following work is limited to
verifying the effectiveness of the integrated schemes in altering the layer and deposition
structures in specific situations. Except for case 1, practical implementation and testing of the
other two relatively more complex parts could not be undertaken currently due to hardware
limitations and will require better control of all three axes and in fact more degrees of freedom,

such as perhaps five-axis CNC.
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Fig. 6.28 overall scheme of the integrated alternative slicing scheme
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Case 1

The first case is the same simple solid part as shown in Fig. 6.23, with the curved surface on the
top and a flat bottom surface and is repeated again in Fig. 6.29(a). While the method used earlier
is a simple combination of curved and flat layers to be filled in different regions, the integrated
approach used here also adds the adaptive slicing capability. The part geometry being relatively
simple, the whole process is fully automated and Figs. 6.29 to 6.31 depict different stages of
slicing. The facets on the top surface are identified first and grouped together as shown shaded in
blue colour in Fig. 6.29(a). This is followed by the identification of the region for curved layer
slicing, considering the quantity of minimum layer thickness as shown in Fig. 6.29 (b). Once the
curved slicing region is segregated, the adaptive curved layer slicing algorithm is employed to
fill this zone with layers of two different thicknesses, 0.8 mm and 1.6 mm, as shown in Fig.
6.29(c). Subsequently, the bottom surface of the curved region and the rest of the .stl file are
restructured as a new domain and considered as a different entity in .stl form as shown in Fig.
6.29(d). Adaptive flat layer slicing is then applied to this zone using layers of thicknesses 0.8

mm and 1.6 mm and the final adaptive flat and curved layer structure is as shown in Fig. 6.29(e).

Once the entire part is filled with adaptive flat and curved layers, the slice data is used to
construct deposition paths employing two different raster orientations 30° and 90°, as shown in
Fig. 6.30. The deposition path data is then integrated into the G and M code format in order to be
processed on the modified Makerbot Cupcake platform and build the physical parts as shown in
Fig. 6.31. The mixed layer structure developed for the part together with the practical
implementation prove the overall feasibility of the new integrated slicing approach developed as

part of the current research. A mechanical testing of the physical parts is not carried out currently
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but the overall approach is proved to be effective in terms of the most favourable distribution of

the material in successive layers while overcoming surface defects such as stair-step effects.

I axs

T anis

Fig. 6.29 Integrated slicing in Case 1; (a) identification of the top surface, (b) segregation of curved and flat
layer zones, (c) adaptive curved layer slicing, (d) restructuring the flat layer zone in .stl form, and (e)

adaptive flat layer slicing in the flat layer zone
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Fig. 6.30 Case 1; deposition paths generated; (a) 30° raster orientations and (b) 90° raster orientations

(b)

Fig. 6.31 Case 1; practical implementation (a) 30° raster orientation and (b) 90° raster orientation

Case 2

A more general case is then considered for testing the algorithm in two different versions as
shown in Fig. 6.32 (a) and (b), with some slight variations in the minor detail at the top right

hand corner. The CAD model is generated and triangulated using the SolidWorks software.
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Both versions are processed using the second approach with a division of the part domain into
two regions based on a default central plane or a plane of choice of the user. With more general
cases such as these, it may also be noted that the identification of the top surface facets is not
simple, as the vertical portions of the curved surface will be missed out to be a side surface. This
is resolved by slightly modifying the algorithm used to identify the top surface and allowing the
user to selectively choose the range of angles to be used to decide the top facets based on the

specific part geometry.

Further to these modifications, the algorithm identifies both top and bottom surfaces first, and
then proceeds with slicing from both directions, until the two fronts meet, where the boundary
between the two zones is established. It may be observed that two sets of uniform curved layer
slices are generated to be filled in the two geometrical regions for the case shown in Fig. 6.32 by
the integrated slicing scheme. Considering the curved top surface and almost curved grove at the
bottom, curved layer slicing is applied in both regions. The actual printing begins with the
bottom region and gradually works its way upward into the upper regions, with curved layers
deposited one over the other as depicted in Fig. 6.32. Further, comparing the results of Fig. 6.32
(@) and (b), the slant surfaces of the fine grove at the top right corner resulted in finer curved
layer slices in the second case as the adaptive slicing algorithm picked up the difference. It is
pertinent to point out here that the actual printing of surfaces of steep slopes or sharp curvatures
as in this case is practically difficult to achieve on a 3-axis FDM system and require

development of a 5-axis FDM in the future.
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Fig. 6.32 Case 2; a more general solid model

Case 3

In order to test the integrated slicing algorithm using a more complex geometry, a bearing
housing as shown in Fig. 6.33 is considered. The solid model of the bearing housing is
developed in SolidWorks and exported into the .stl format file as shown in Fig. 6.33 (a). This
case cannot be processed by a simple subdivision of the domain into two parts and requires
further enhancements to be included. The first step is to identify the top and bottom surfaces of
the part. When processed with the top-surface identification algorithm, the bearing housing will
result in all the surfaces shown shaded in Fig. 6.33 (b). Overall, there are three top surfaces and
two bottom surfaces identified in this case. The integrated slicing algorithm is further amended
to use these multiple planes in pairs successively from the top and create the five sub-zones as

shown in Fig. 6.34 (a) to (e).
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i —

Fig. 6.33 A more complex solid model (bearing housing); (a) .stl format file and (b) top and bottom surfaces

Fig. 6.34 Generation of sub-zones; (a) Zone A, (b) Zone B, (c) Zone C, (d) Zone D, and (e) Zone E

Each of these zones is considered next as an individual solid part and all these parts are further
reformatted to be converted into .stl format files. Once this is done, each of these files is
processed using the general integrated slicing software, but with specific constraints applied in

different cases as discussed next.
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Zone A

The solid model of zone A is presented in Fig. 6.34 (a) and the integrated algorithm processes
this using the fully automated routine as in case 1 above. Both top and bottom surfaces are
identified in this case, as shown by the surfaces shaded in blue and red respectively in Fig. 6.34
(@). The algorithm begins developing adaptive curved layers with the top surface first, and
repeats the process until the boundary between the top and the bottom zones is identified based
on the method explained in section 6.5.1. Uniform curved layers are generated by offsetting each
curved plane by a layer thickness equivalent to the thinner layer. Further, considering the need to
develop better surface quality at the top, the first of these layers is modelled with 45° raster paths
as shown in Fig. 6.35 (a), while the subsequent layers are allowed 90° raster orientations as

depicted in Fig. 6.35 (b).

(@) (b)

Fig. 6.35 Curved layer slicing and rasterisation in the upper part of zone A

244



Next, the bottom portion of this zone is sliced and considering that the existing bottom surface is
a curved one, the algorithm processes this from bottom upwards, filling the volume with
adaptive curved layers. It may however be noted that only the curved part of the bottom surface
Is so far identified and the two horizontal extensions on either side need to be added to the
curved portion. A horizontal plane slices the part and obtains the intersection planes on either
side of the central arch. The extended horizontal patches are then filled with triangular facets
following the same outward normal direction as the central facets and then all of them are
combined to form the full bottom surface representation for the lower part of zone A, as shown
in Fig. 6.36 (a). Considering the need for a better surface quality, the bottom most layer is
rasterised at 45° as shown in Fig. 6.36 (a), followed by a couple of thicker layers with 0° raster
angles as shown in Fig. 6.36 (b). Subsequently, a number of thin curved layers are created due to
the steeply varying slope of the curved surface with 45° criss-cross patterns as shown in Fig. 6.36
(b). While the 45° to 0° criss-cross pattern in the outer layers allows better meso-structures with
layers of similar thicknesses, the 45° criss-cross pattern used with the thinner layers also gives
the best meso-structure with the finer filament used for filling all around this zone as shown in

Fig.6.36 (c).

Fig. 6.36 Adaptive curved layer slicing and rasterisation in the bottom portion of Zone A
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Zone B

Zone B consists of two vertical rectangular slabs as shown in Fig. 6.34(b) and is a typical flat
layer case. When processed using the integrated slicing algorithm, adaptive flat layers are
generated with five thinner layers from both ends and a couple of thicker layers at the centre due
to the facet structure on the side face and the residual height considerations. Again, considering
the mechanical strength required for this portion, all the thin layers are rasterised using 45° criss-
cross patterns as shown in Fig. 6.37 (a) and (c) and the thick layers are employed with 90° raster
directions as shown in Fig. 6.37 (b). According to the theoretical models of Chapter 3 depicting
the mechanics of adaptive flat layer slicing, better and uniform part strength can be achieved, if
the two central thick layers are printed at speeds slower than the speed used for thinner layer

Z0nes,

(a) (b) (c)

Fig. 6.37 Adaptive flat layer slicingin Zone B
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Zone C

As shown in Fig. 6.34 (c), the top surface of zone C is the half-circular curved surface. While the
bottom surface is generated by one of the intermediate critical planes at the top of the bottom
square base of the bearing housing. Slicing by two horizontal planes, one at the top and the other
one at the bottom of this zone will allow the reconstruction of the top and bottom faces, and
restructuring of the .stl format file. Further processing by the integrated slicing scheme identified
the zone to be suitable for adaptive curved layer slicing based on the top half-circular form and
sliced the zone accordingly. However, considering that there are no drastic changes in the facets
on the side surfaces, thick uniform curved layers are generated. Based on surface and strength
considerations, the top surface is modelled with 45° raster patterns while the other layers are

rasterised by 45° criss-cross patterns as shown in Fig.6.38.
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Fig. 6.38 Uniform curved layer slicing in Zone C
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Zone D

Zone D is typically formed as the light-curved side shoulders on the vertical slab of the bearing
housing are identified as possible intermediate critical top surfaces as depicted in Fig. 6.34(d).
The other faces and the facet structure are non-existent initially. As with the other zones, the top
and bottom horizontal planes are used to develop and tessellate the top and bottom surfaces.
These surfaces are then integrated with the other facets already existing to complete the
triangulation of the zone. Once this is done, the integrated slicing scheme easily identifies this as
a typical flat layer case, but considering the slanting side surfaces, adaptive flat layers are
generated as shown in Fig. 6.39 with 45° criss-cross raster patterns employed on all layers.
Looking at the side view of the stacked curved layers, it may be observed that this layer
configuration might cause a slight variation in dimension while actually printing. With each
layer printed upon the previous one, an extra material deposition takes place both at the start and
end of each raster line, thus increasing the depth slightly. To compensate for this, a

corresponding recess needs to be chiselled out of the top surface of zone E, as discussed next.
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Fig. 6.39 Uniform curved layer slicing in Zone D
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Zone E

Zone E as shown in Fig. 6.34(e) again is a typical flat layer domain. As mentioned above, a
small recess of the size of the bottom surface of zone D needs to be developed on the top surface
of zone E. The depth required for this recess actually varies between thicknesses of one to two
layers, but based on calculations it is found to be equal to one layer thickness in the current case.
Accordingly, the .stl file is restructured and re-triangulated for further processing. Zone E now
requires being subdivided further using the same procedure as employed for the whole part.
Once the set of top and bottom surfaces are identified and used to partition the volume of zone E,
three subzones result as shown in Fig. 6.40 (a), (b), and (c). While Fig. 6.40 (a) is the result of
the central recessed portion and the two side steps erected, Fig. 6.40(b) and (c) become
necessary, as the holes in the baseplate are countersunk. Again, each of these zones is
restructured and re-triangulated and processed using the integrated slicing algorithm. All zones
are by far modelled with adaptive flat layer slicing; however, each of them achieved flat layers
of uniform thickness. The first sub-zone shown in Fig. 6.40 (a) is modelled with thinner layers
considering the relatively lesser depth and the raster angle is 45°. The other two zones received
uniform layers of the larger thickness, with criss-cross raster patterns, as shown in Fig. 6.40 (b)

and (c).

Fig. 6.41 presents the sequence of printing and accumulation of the different zones to be able to
construct the 3D form of the bearing housing. Within each zone, the layer structure and the intra
layer raster path orientations follow the same schemes as discussed above. It may be noted that
the last zone to be printed (zone A) would require the construction of a support structure using

similar methods as presented in earlier chapters. Fig. 6.42 presents the overall and the side views
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of the mixed layer structures developed for the bearing housing by the integrated alternative

slicing scheme.
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Fig. 6.40 Adaptive flat layer slicing in Zone E
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Fig. 6.41 Building the bearing housing from the bottom upwards
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Fig. 6.42 Integrated alternative slicing scheme applied to the bearing housing

6.7 Discussion on integrated alternative slicing and deposition strategies and

conclusions

The adaptive flat and curved layer slicing together with raster orientation are combined into a
unified slicing approach referred to as the integrated alternative slicing scheme and applied to
three different cases as discussed in the previous section. The overall performance of the

integrated approach is evaluated discussing the critical results now.

For case 1, one of the samples printed with the integrated approach together with the same part
printed with uniform flat layers are shown in Fig. 6.43 (a) and (b) respectively. The strand
structure in Fig. 6.43 (a) clearly shows both curved and flat layers of varying thickness used in
different zones, demonstrating the successful implementation of the proposed scheme. However,
the strand structure looks a little ragged as the filament sizes used are relatively large (1.0mm,

2.0mm), considering the practical limitations of the make-shift FDM test bed. This appearance
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will be much better when finer filaments are used on fully commercial systems under more

controlled conditions of printing in the future.

Nevertheless, comparing the two specimens in Fig. 6.43, a striking difference is that the stair-
case effect is sufficiently taken care of by the curved layers as evident from Fig. 6.43 (a).
Further, the bead-like strands observed in Fig. 6.43 (a) are the result of adjusting the print speed
conditions to achieve adaptive layers from the nozzle of a fixed diameter. These aspects can also

be improved, if multi-head systems with multiple nozzles are used in the future.

(a) Integrated slicing and printing

(b) Uniform flat layer printing

Fig. 6.43 A Comparative evaluation of printed samples in Case 1

The solid model of Case 2 is processed using both integrated alternative slicing and normal
uniform flat layer slicing methods and the side-views of the CAD model and the layer structures

obtained using both approaches are shown in Fig. 6.44 (a), (b), and (c) respectively. A sectional
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view is generated at the same location for all these three objects and shown juxtaposed against
each of them as shown again in Fig. 6.43 (a), (b), and (c). First, a comparison of the vertical
dimension of the sectional views clarifies that the integrated slicing model allows an exact
reproduction of the dimension as per the original CAD model. Whereas, the uniform flat layer
model lost this dimension almost by about 6% due to the stair-step effect. In actual practice, this
loss may be even more, depending on the part geometry and the curvature in the case of curved

surface forms.

An interesting differentiation can be made using the mesostructural patterns shown in Fig. 6.44
(b) and (c). The black dots represent the location, number and relative sizes of air gaps obtained
within the particular section with different slicing schemes. First, it may be noted that the total
number of air gaps is lesser in the case of the domain processed using the integrated slicing
scheme which is 165 as against a total of 225 holes obtained with the uniform flat layer slicing.
Evidently, the sizes of these black dots representing the air gaps are larger in the case of the
model sliced with the integrated alternative slicing scheme due to the angular orientation of the

strand structure.

However, it may be noted that these shapes are only geometrical predictions, and when the part
is actually printed, there will be time and temperature dependent coalescence and inter-strand
neck growth and bonding, leading to a partial filling and reduction of size of each of these air
gaps. Considering the appropriate choice of raster orientations and suitable print speed and time
conditions, it is envisioned that the air-gap shrinkage will be more efficient with the integrated

slicing approach. Eventually, it is the total number of these air gaps that will control the
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mechanical properties, and the higher pin-hole porosity makes the uniform flat layer parts

relatively weaker.
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Fig. 6.44 A comparative assessment in case 2; (a) CAD drawing, (b) processed using integrated slicing, and (c)

processed using uniform flat layer slicing

The bearing housing considered as Case 3 is now sliced using uniform thin flat layers, uniform
thick flat layers and the integrated adaptive slicing approaches and the side views of the resulting
layer structures at different locations are presented in Figs. 6.45 to 6.47. First, the general slicing

patterns obtained with different approaches show marked variations in the overall layer
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structures as observed in Figs. 6.45 to 6.47 (a). The top curved surface of the top arch suffered
stair-casing effects to varying degrees as may be observed in Figs. 6.45 (b) and 6.47 (b). At the
same time, the curved layer slicing allowed complete elimination of these defects at the top, as
evident clearly, in Fig. 6.47 (b). Other than a couple of minor disturbances at the two extreme
points, the rest of this zone is filled seamlessly with curved layers. However, while printing,
there is always a dwell period both at the start and end of each deposited road resulting in a
slightly excessive material deposition and will take care of the minor defects at the two
extremities. Further, the most important aspect to be observed in this case is the distinct fibre
continuity obtained with the integrated adaptive slicing approach as shown in Fig. 6.47 (b).
Based on the experimental results of Chapter 5, it may be readily understood that the part

strength with this layer structure is far better compared to the other two cases.

Again the central circular detail suffered great losses in surface quality in both cases of uniform
flat layer slicing as seen in Figs. 6.46 and 6.47 (c). However, the loss of quality is much more
pronounced in the thicker layer case presented in Fig. 6.46 (c). In fact, there is a long dash of
layer missing both at the top and the bottom of the circular pattern as depicted in Fig. 6.45 (c).
Again, the fibre continuity shown in the case of the integrated adaptive slicing method in Fig.

6.47(c) is far superior and a characteristic benefit resulting from the choice of curved layers.

Similar patterns can also be observed from the three cases presented in Figs. 6.45 to 6.47 (d).
Stair-case effects resulted in a loss of surface quality with both thin and thick flat layer slicing,
while the effects are more adverse with thicker layers, as may be expected. However, the

integrated adaptive slicing scheme used both curved and flat layers in this zone. As may be
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observed in Fig. 6.47 (d), the curved layer portion completely eliminated the stair-step effects,
while there is some slight residual stair-casing in the flat layer part. It is pertinent to point out
that the integrated schemes though effective in eliminating problems like stair-casing in most
situations, cannot be expected to eliminate all problems completely from all zones. When the
surfaces are too steep, curved layers cannot be used as it may require printing almost vertically,

which is practically impossible to be achieved with 3 Axis printing.

Q-0 /

(@) (b) (c) (d)

Fig. 6.45 Case 3: Uniform flat layer slicing with thinner layers (a) overall view, (b) top circular profile, (c)

central hole, and (d) the curved side fillet

(@) (b) (€) (d)

Fig. 6.46 Case 3: Uniform flat layer slicing with thicker layers (a) overall view, (b) top circular profile, (c)

central hole, and (d) the curved side fillet
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(a) (b) (€) (d)

Fig. 6.47 Case 3: Integrated alternative slicing (a) overall view, (b) top circular profile, (c) central hole, and

(d) the curved side fillet

In conclusion, an adaptive flat layer slicing scheme is identified, enhanced and practically
implemented. A comparative experimental evaluation of uniform and adaptive flat layer slicing
with uniform curved layer slicing is undertaken and the results proved the curved layer slicing to
score the best in terms of flexural loads under three point bending. The curved layer slicing
scheme is equipped with the adaptive layer option next, further enhancing the curved layer
slicing algorithms. A couple of solid models analysed with the adaptive curved layer approach
proved the algorithm to be effective in capturing sharply varying surface slopes or very fine
details in solid models. Practical implementation of curved layer adaptive slicing proved thicker
curved layers printed with the same total time to perform the best, thus validating the
experimental and analytical models presented in Chapter 3 to be valid even with adaptive curved

layers.

A region based sub-division method is developed next for combining flat and curved layer
approaches together within the domain of a given solid model. Mathematical algorithms are
developed based on .stl format files. The chordal error evaluation method was effective in
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dividing the solid model domain into curved and flat layer regions. The mixed layer approach
usually takes more time to print compared to the uniform flat layer approach, but the surface and

internal meso-structures are much improved.

The adaptive flat and curved layer approaches together with schemes to choose proper raster
orientations are combined into a unified approach, the integrated alternative slicing algorithm
and coded in MATLAB. The algorithm operates in three possible routes; a fully automatic
routine for relatively simple shapes, with a user-specified plane to divide specific solid forms
into two distinct zones and finally, a more general approach involving multiple divisions, for
more complex solid forms. Three case studies are considered and successfully processed,
evaluating the effectiveness of the integrated slicing scheme. While the integrated slicing
schemes are successful in handling different geometrical complexities, the layer patterns are
observed to overcome typical shortcomings such as stair-step effects, while taking care of other
aspects such as fibre continuity simultaneously in specific zones. The mesostructures are shown
to be improved with the integrated scheme based on CAD models at specific sections and the

benefits are envisioned to be equally good in all cases studied.
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Chapter 7 Conclusions

7.1 Fused deposition modelling; some general observations

Several rapid prototyping technologies surpassed the initial stages of infancy and gradually
became recognised as possible solutions for the direct manufacturing of end-use products in
specific cases. Commonly referred to as additive manufacturing, this set of manufacturing
processes is currently drawing wide attention and fused deposition modelling (FDM) is one of
the significant techniques in this realm. In FDM, a polymer material in the form of a filament is
heated and extruded through a nozzle, to be printed on a substrate as closely spaced strands or
roads. Inter-road and inter-layer diffusion allow for bonding and consolidation of the material

within and across layers to build 3D forms.

Within each layer, material deposition pathways are parallel and oriented in specific directions,
referred to as the raster orientation. The overall layout of the stacked layers and the raster
orientations, together with other process variables such as filament size, gap between filaments
and time and speed of printing influence the final material structure; a composite of partially
coalesced strands intertwined with air gaps. Literature also presented several possible defects in
FDM nparts, broadly classified into external and internal types. Overall, the internal meso-
structure and external and internal defects if any will control the bulk material behaviour as well
as the quality and performance of specific FDM parts. At a macro level, the process and
geometrical parameters and their combinations will control the eventual mechanics of material

consolidation and subsequent performance.
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Closer to the point of adding the material point-by-point and line-by-line, the raster orientation
plays a significant role. Varying raster angles will affect the quality of a single layer differently
in different situations, while alternative raster orientations across successive layers further
confound the mechanics. Uniform flat layers often result in shortcomings both in terms of stair-
step effects and discontinuities in the fibre structure. While both are detrimental to the overall
part quality, adaptive slicing emerged as a possible remedy, but is generally effective only to
some extent, as fibre discontinuities are still at large, though stair-step effects are resolved. In
addition, the adaptive slicing schemes involve variations in speed and time of printing which will
add further complications to the sintering phenomena and associated material consolidation

aspects.

Specific parts with curved external features and thin shell-like forms are more adversely affected
with flat layer slicing and deposition. Stair-step effects are more pronounced and discontinuous
fibres result in a profound loss of the internal structure and the integrity of the material. Curved
layer slicing evolved as a plausible solution, but the solid modelling algorithms and practical
implementation schemes are found to be inadequate and requiring further attention and
enhancement. More intriguingly, curved layer deposition is effective in handling the surface
quality, but requires additional adaptive layer enhancement to be able to handle the presence of
finer details if any in the solid models processed. This leads to curved layer adaptive slicing and
the time and print-speed interactions with the filament thickness and the resulting coalescence

mechanics.
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It is also apparent that both curved and flat layers have their own merits and limitations, and for
any given part, the best possible solution is a suitable combination of both methods together with
appropriate raster orientations. Based on these observations, the current hypothesis envisioned
the final overall quality of FDM parts to be enhanced through proper utilisation of appropriate
combinations of uniform, adaptive, flat, and curved layers and raster orientations. Validation of
this premise required theoretical and experimental evaluation of the mechanics of raster
orientation and adaptive slicing followed by mathematical algorithms developed for different
slicing schemes and practical implementation in specific cases and development of an integrated
slicing scheme combining different approaches into a unified algorithm. Typical achievements
made in each of these directions, generic observations made answering critical research
questions and the more specific conclusions made from analytical and experimental results are

presented next.

7.2 Analytical and experimental investigations and generic conclusions

Adaptive slicing involves programmatically varying the layer thickness mainly as to change
from relatively thicker layers to relatively thinner layers where surface quality or effective
reproduction of finer details are of primary concern. Though a promising option, adaptive slicing
could also lead to certain complications in physical reality. The print speed and time will interact
with the filament size and affect the coalescence and in turn the mesostructures. The actual
mechanics needs to be understood before making any meaningful adjustments. Analytical
models are built based on moment of inertia calculations on multi-strand sections. The modified

Frankel-Eshelby model for diffusion sintering is integrated with the moment of inertia
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calculations to evaluate the time and speed dependent coalescence and resulting mechanical
characteristics of specimens. Practical implementation of adaptive flat layer slicing allowed
building test specimens with varying process conditions. Three point bending tests conducted on
specimens produced with varying layer thicknesses allowed validation of the theoretical models

developed.

In general, the inter-road and inter-layer coalescence depends on the size of the filament and the
time given for a unit length to be deposited, considering the temperature to be uniform. While
predictions based on the analytical models developed are in similar lines, the effect of varying
layer thickness also interacts with the print speed. With the layer thickness fixed, as the speed of
printing increases, the time for a unit length of deposition decreases resulting in a decrease in
coalescence due to a shorter sintering time. On the other hand, with a constant speed of printing,
as the filament size decreases, there is more time spent with each unit volume or area filled, and
the coalescence is better and the mechanical characteristics are improved. Based on these
observations, it is clear that true benefits of adaptive slicing can only be realised by properly

adjusting the filament size, print speed and total time of printing at any zone within a given part.

Raster angle orientations dictate the pattern of filling the fused material and commercial systems
often use 45° criss-cross patterns across successive layers. Theoretical understanding of the raster
angle effects was attempted earlier using the classical lamination theory. Considering the
complexities arising, analytical models are developed applying the elastic plane stress theory to a
single strand considered at different orientations. The inter-road sintering phenomena predicted

by the modified Frenkel-Eshelby model are again combined with the force equilibrium equations
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to integrate the coalescence aspects with the raster angle mechanics. Specimens are printed with

varying raster angles for tensile tests aimed at establishing the true role of the raster angle.

Results of tensile tests clearly demonstrated the significance of raster orientation and the ultimate
tensile strength is found to decrease with increasing raster angles. The analytical predictions are
also in similar lines and there is a good correlation between the two results. Both normal stress
and elastic modulus values decreased with increasing raster angle, but to a varying degree, as
dictated by the inter-road coalescence. However, the normal strain values varied differently at
different levels of coalescence. The Poisson’s ratio values generally increased with increasing
raster angles and again with some interaction effects from coalescence. However, at higher
coalescence and mid-range of raster angles, the Poisson’s ratio values predicted are greater than
0.5, which appears to be an anomaly, but is also reported earlier, with specific structure-

dependent materials.

Curved layer slicing evolved as a possible means of overcoming the typical shortcomings of flat
layers, including stair-step effects and the fibre discontinuity in specific cases. Considering the
lack of ready solutions, mathematical algorithms are developed based on a three-plane
intersection scheme and successfully applied to selected solid models. The split-node problem
arising is resolved either by evaluating average locations and eliminating the duplicate nodes or

by creating new triangular elements with the nodes additionally created.

Test pieces of light-curved shapes are printed on the FDM test bed based on the curved layer

and raster path data generated. While clearly demonstrating improved surface qualities, curved
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layer specimens also performed much better under three point bending loads, compared to the
flat layer counter parts. Fracture modes clearly differentiated the curved layer specimens with
much better resistance due to the combined action of the continuous fibre structure against the
flat layer samples, suffering from stress concentration effects and shear failure at the weak

interfaces between flat layers.

Flat layers of varying thicknesses can be generated within a given solid model based on
mathematical algorithms capable of identifying specific features that necessitate the use of
adaptive layers. The algorithm based on the evaluation of the cusp height is used in the current
work for further enhancement and implementation. The residual height calculations are included
to handle the issues with missing details that are smaller than the cusp height considered.
Uniform, adaptive and curved layer slicing solutions are also comparatively assessed by means

of light-curved parts printed and tested under three point bending.

The curved layer algorithm is further enhanced with the adaptive slicing capability next, again
based on cusp and residual height criteria. With more complex side surface details, the curved
layer algorithm needed further amendments. The angle of the outward normal for each facet is
first used to identify the top surface facets. Considering the maximum height difference between
the collected triangular facets an offset volume is segregated and then all the facets within this
volume are considered for curved layer offsetting. Flipped-element problems often arise with
slanting side surfaces and are eliminated by comparing the directions of outward normal lines
from the offset elements, while split-node issues are resolved in similar lines, as with uniform

curved layers.
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The practical significance of adaptive curved layer slicing is evaluated again by means of three
point bending tests conducted on the light-curved parts as used for other similar tests. A mixed-
mode solution to create both curved and flat layers within the domain of a given model is
developed next. Chordal height calculations are used as the criterion to divide the solid model
into flat and curved regions. The algorithm developed assumes a pre-determined print orientation
for the given part and works starting from the top surface, filling the upper part of the domain
with several curved layers and the flat layer scheme takes over, once the chordal-height criterion

is satisfied. .

Finally, all the alternative slicing schemes investigated and the raster orientation choices are
combined into a single algorithm with multiple options and coded using MATLAB. Considering
solid models of varying complexities, three possible scenarios evolved: a direct and automatic
routine for relatively simple shapes, dividing solid models of certain forms into two domains,
and a more general scheme with multiple subdivisions for more complex solid models. Referred
to as integrated alternative slicing, the new scheme is tested processing three typical cases

requiring the three solution options developed.

While the adaptive flat layer slicing algorithm implemented is effective together with the
residual height amendments, the experimental comparison showed some improvement with the
basic curved layer slicing over both uniform and adaptive flat layers. The curved layer adaptive
slicing algorithm performed well when implemented on light-curved parts with both slanting
side surfaces and very fine projecting details. Reduced stair-step effects resulted with the use of

finer curved layers within the zone of slanting side surfaces. The adaptive curved layer slicing
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scheme is also effective in capturing very fine details in the solid model and alter the layer
thickness accordingly, while maintaining the curved layer profiles to be achieved for fibre
continuity. The three point-bending tests conducted on light-curved parts printed indicated
adaptive curved layer to be better performing under mechanical loads. With the total time of
printing for all cases kept the same, the sample with the thickest curved layers is printed with the
slowest speed, allowing for more sintering time per unit printed length and consequently, better

mechanical attributes of the part.

The integrated alternative slicing schemes are successfully developed and applied in three cases
with varying complexities. While in all cases the part print orientation is predetermined, the
slicing attributes are different and varied based on geometrical complications of specific solid
models. The first case is the same light-curved part as used for most experimental and analytical
modelling work done in the current research. The integrated slicing scheme automatically
identified the top portion as best processed with curved layers and also effectively ascertained

the boundary layer between curved and flat layered regions using the chordal height criterion.

The second case is slightly more complex, and needed the second approach, where a user
defined split-plane is a prerequisite. For the solid model considered, both top and bottom
surfaces needed curved layer filling based on the outer features and hence the algorithm filled
the two regions with curved layers from both ends, until the two fronts met on the plane of
separation. A bearing housing is used as the most general and relatively complex case, including
multiple features and regions. The third approach is needed, dividing the total domain into

several subdomains and applying the integrated alternative slicing schemes to process each of
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them. One of the subdomains required further subdivision into three smaller volumes before

being filled with layers of appropriate structures.

Overall, the integrated alternative slicing scheme performed well in capturing the specific
requirements of critical geometries considered. Curved outer surface profiles received curved
layer filling close to the boundary. Sharply varying features or finer part details received filling
by thinner layers. Appropriate raster orientations could also be employed for different layers in
different regions based on the requirements by the local conditions. The knowledge gained from
the analytical and experimental evaluations undertaken on the raster mechanics, as well as
adaptive flat and curved layers sufficiently supports the mixed layer structures developed by the
integrated slicing schemes to be better solutions compared to the conventional uniform flat layer
approach. Evidently, the analytical and experimental work done, the results generated and the
inferences drawn, together with the enhanced layer structures evident from the case studies
considered at the end give strength to the hypothesis that fused deposition modelling can be
further enhanced using appropriate combinations of alternative slicing and deposition schemes.
More specific conclusions drawn from different aspects investigated are listed in the next

section.

267



7.3 Significant conclusions drawn based on the results of the current research

Adaptive flat layer slicing

Analytical models are built based on the second moment of area calculations and
modified Frankel-Eshelby equations to predict the effects of varying thicknesses and the
associated print speed and time interactions

Based on the predictions by the analytical models, the moment of inertia and
consequently the bending strength are observed to decrease with increasing print speed
and increase with increasing total print time.

For a part of given dimensions, if the print speed is kept constant, the coalescence
increases with increasing number of layers.

Similarly, with a part of fixed dimensions, both second moment of area and bending load
steeply rise with increasing number of layers and stabilize after about 10-15 layers.
Again, with the part dimensions fixed, and with a given number of layers (fixed layer
thickness), coalescence, second moment of area, and bending load decrease with
increasing print speed, almost as hyperbolic functions.

For a given part, coalescence, second moment of area, and bending load decreased with
increasing number of layers, with the total print time fixed at 75 s.

Also, with fixed part dimensions, coalescence, second moment of area, and bending load
increased steadily with increased total time when the number of layers is equal to 10.
Three point bending tests on specimens printed with dimensions 50mm X 20mm X
4mm, resulted in both thinner and thicker layers employed at relatively slow speeds

giving slightly better compressive loads than those printed at higher speeds
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Again, for parts of the same dimensions, with the total print time kept constant, thicker
layers gave better mechanical properties.

From a different viewpoint, better mechanical properties achieved with thicker layers are
associated with reduced print speeds and consequently result in increased total print
times.

Analytical models also predicted the maximum compressive stress values to be higher
with thinner layers while printing a given sample of fixed dimensions at a given speed.
Similarly, the maximum bending stress of samples of fixed dimensions decreased with
increasing speed of printing with both thicker and thinner layers.

For the same parts, the bending stress increased with increasing total time of printing.

Raster angle mechanics

Tensile tests conducted on specimens produced with varying raster angles proved that the
tensile strength gradually decreases with increasing raster angle.

The maximum and minimum stresses are 30.79 MPa and 10.08 MPa obtained at 0° and
90° respectively.

Analytical models are developed to evaluate the raster angle effects combining the elastic
plane stress theory with the inter-strand coalescence on single strands considered at
varying angular orientations.

The ultimate strength model predicted the maximum and minimum stresses as 36.19 MPa

and 14.05 MPa at raster orientations 0° and 90° respectively
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e Analytical predictions correlated well with both experimental results of the current work
and results reported in the literature in the case of the ultimate stress.

e The elastic modulus decreased with increasing raster angle and attained a minimum at
around 50° to 60°, depending on the coalescence level.

e Shear stress values in general decreased with increasing raster angles but to varying
degrees, depending on the coalescence values.

e The shear modulus remains stable at lower raster angles, but gradually decreases beyond
45°at varying rates depending on the magnitude of coalescence.

e Analytically, the Poisson’s ratio is observed to vary widely with varying coalescence and
raster angles and the possibility of achieving values above 0.5 is noted.

e The plastic spin is found to peak at around 45° raster angle, for different levels of

coalescence.

Uniform curved layer slicing

e The three plane offset procedure proved to be a better enhancement for curved layer
slicing.

e Split-node problems arising while offsetting specific triangular facets can be resolved
either by finding average nodal locations or by constructing new elements.

o Deposition path generation with varying raster angles has been successfully implemented
with curved layer slices.

e Curved layer fused deposition modelling is successfully implemented on a FDM test bed

using a couple of different materials.
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Curved layer specimens exhibited better surface qualities as well as meso-structures
resulting from long continuous fibres with better inter-road and inter-layer coalescence.
The average fracture compressive load of curved layer parts under three point bending
increased almost by 40%, compared to that of the flat layer counter parts.

Flat layer parts fail relatively easily due to fracture cracks initiated at the bottom and
growing across the specimen.

Flat layer samples also undergo shear failures resulting from weak inter-layer bonding.
Curved layer samples perform better due to a number of sufficiently fused parallel
filaments acting together to resist deformation, crack formation, and growth.

SEM photographs show evidence of fibre continuity resulting in better part performance

in the case of curved layer fused deposition modelling.

Integrated alternative slicing

An adaptive flat layer slicing scheme is identified, enhanced, and practically
implemented.

Uniform and adaptive flat layer and curved layer samples are evaluated experimentally
comparing bending stresses.

Three point bending test results show that curved layer samples perform relatively better.
The curved layer slicing scheme is enhanced with the adaptive slicing option

Solid models analysed with the adaptive curved layer approach proved the algorithm to
be effective in capturing sharply varying surface slopes or very fine details in solid

models.
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With the total print time kept constant, thicker curved layers used to print test specimens
of fixed dimensions gave the best compressive load results.

With specimens of similar dimensions, and the total time of printing fixed at around 480
seconds, thicker curved layers appear to be more effective.

A region based sub-division method is developed for combining both flat and curved
layer approaches together within the domain of a given solid model using a chordal-error
criterion.

The mixed flat and curved layer approach usually takes more time to print a part of given
dimensions, compared to the uniform flat layer approach, but scores better than the
uniform curved layer method.

The surface and internal meso-structures are much better with the mixed flat and curved
layer slicing approach.

An integrated alternative slicing algorithm is developed combining uniform and adaptive
flat and curved layers and the raster angle aspects together and coded in MATLAB.

The integrated alternative slicing scheme operates in three possible ways: a direct and
automatic routine for relatively simple shapes, dividing solid models of certain forms into
two domains, a more general scheme with multiple subdivisions for more complex solid
models

Three case studies are considered and successfully processed, evaluating the
effectiveness of the integrated slicing scheme.

The integrated alternative slicing schemes are successful in handling different

geometrical complexities, the layer patterns are observed to overcome typical
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shortcomings such as stair-step effects, while allowing for other benefits such as fibre
continuity in specific zones.

e The meso-structures are shown to be improved with the integrated schemes based on
specific sections of CAD models and the benefits are envisioned to be equally good in all

cases studied.

7.4 Future work

Several alternative slicing and deposition styles are attempted and evaluated in the current work.
The analytical models developed and the experimental results obtained provided enough
evidence to support the hypothesis that appropriate combinations of processing schemes are
essential to improve the effectiveness of the process. However, hardware limitations are the main
stumbling blocks in the practical implementation of the integrated schemes proposed. While a
three axis system is insufficient, most commercial FDM systems are in fact very limited in terms
of the control over the Z-motion. Also, the make-shift experimental facilities use a hot plate as
the print form to control the envelope temperature. Ideally, a closed print chamber with a
complete control over the envelope temperature is essential. Further, using a single deposition

head to achieve filaments of varying diameters is not fully effective in real world applications.

The analytical models developed for adaptive slicing and raster orientation effects consider both
geometrical and process parameters. However, the thermodynamic effects are neglected in the
current cases, assuming that the filament and envelope temperatures are sufficiently controlled to

maintain the substrate at the appropriate temperature. Flat and curved layer slicing schemes are
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developed for both uniform and adaptive layers, based on solid modelling algorithms. However,
considering the numerous situations analysed, the solutions are often limited in capabilities, and
may not be fully effective with more complex solid models. Similar limitations are also
associated with the integrated slicing schemes developed at the end. The following are possible
improvements suggested for the future in order to understand the mechanics of FDM better and

achieve further process enhancements:

e Enhancement of the hardware systems allowing for better control over the Z-motion as
well as more degrees of freedom such as swivelling deposition head and/or print
platforms.

e Multiple deposition heads to be used to achieve controlled variation of layer thicknesses

e Further enhancement of the analytical models giving due considerations to the thermal
history of fused deposition modelling, representing the physics of the problem close to
the reality

e Development of more general slicing schemes capable of handling solid models of any
complexity for flat and curved layer slicing using both uniform and adaptive layers

integrated with a proper choice of raster orientations in different regions.
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Appendices

Appendix 1 Evaluation of meso structures with varying print speed and raster
angle orientations

It may be noted that some attempts were made during the course of this project to evaluate the
meso structures and variation of coalescence with varying process conditions. Though it is
practically not feasible to consider varying layer thicknesses over a wide range with current
experimental facilities, two thicknesses 0.5 mm and 1.0 mm are implemented, with varying print
speeds and the following SEM photomicrographs are generated. The problem is that the knife-
cutting of the samples for studying under SEM was tough and resulted in flaking. Literature
presents a method of using liquid nitrogen treatment and subsequent guillotine chopping, but
considering lack of facilities and the health and safety concerns, such a system could not be
acquired, and so, these trials are not taken up more intensively. The information generated is

included here:

Coalescence vs. print speed

Coalescence values are measured based on the mesostructures as shown in the photomicrographs

of Fig. A1l.1to Al.6.
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10 mm/s

Figure Al.1 Meso structure of FDM test part of 10mm/s print speed (Average coalescence: 0.68)

13 mm/s

Figure Al.2 Meso structure of FDM test part of 13mm/s print speed (Average coalescence: 0.64)
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Figure Al1.3 Meso structure of FDM test part of 15mm/s print speed (Average coalescence: 0.54)

35 mm/s

Figure Al.4 Meso structure of FDM test part of 35mm/s print speed (Average coalescence: 0.68)
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55 mm/s

Figure A1.5 Meso structure of FDM test part of 55mm/s print speed (Average coalescence: 0.585)

Figure A1.6 Meso structure of FDM test part of 60mm/s print speed (Average coalescence: 0.553)
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The coalescence results are consolidated in Table Al1.1:

Table Al.1 Variation of coalescence with speed

Layer Thickness 0.5
Print Speed 35 mm/s 55 mm/s 60 mm/s
Predicted Coalescence 0.6536 0.56 0.5362
Measured Coalescence 0.68 0.585 0.55
Layer Thickness 1.0
Print Speed 10 mm/s 13 mm/s 15 mm/s
Predicted Coalescence 0.6782 0.5948 0.5538
Measured Coalescence 0.68 0.64 0.54

Coalescence vs. raster angle

SEM photographs of cross sections of samples produced while printing with varying raster
angles are included in Fig’s A.1.7 to A.1.13. All sections are perpendicular to the longitudinal
axes. The variations seen in the mesostructures are due to varying raster orientations. However,
coalescence needs to be assessed based on sections perpendicular to the orientation of strands. It
may be noted that the coalescence will not vary along those sections as the print speed and layer
thickness conditions used are the same. And the raster orientations are aligned in the same

direction across multiple layers. These results are consolidated in Table A.1.2.
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Appendix 2 Evaluation of test result with varying print speed and build style

Considering the variations in experimental results, it is understood that a statistical evaluation of
some of the significant results reported is essential. The following table provide this with data

from specific tables from different chapters:

Chapter 3: Table 3.2

Considering the results of Table 3.2, it may be noted that equivalent loads are calculated to avoid
the effects of varying dimensions from one sample to the other. Considering the experimental

trends, errors within +5% are considered to be acceptable.

First, equivalent values are calculated using the dimensions of samples shown in Table A2.1.

Table A2.1 Equivalent loads and standard deviation of Table 3.2

Print Speed Width | Height gl oic Lot (1) Standard
(it {a (i) Part 1 Part 2 Part 3 Part 4 Average Brevlktion (L)
35 5.40 21.76 285.83 247.33 245.98 276.58 263.93 20.31
40 5.02 20.40 262.26 269.32 283.84 275.75 272.79 9.20
45 4.68 20.18 262.81 267.63 258.95 266.43 263.96 3.92
50 4.10 20.00 297.92 265.87 288.72 280.79 283.32 13.58
59 4.02 19.84 294.09 289.76 281.45 273.13 284.61 9.28
60 4.06 19.70 248.33 246.36 241.76 229.60 241.52 8.40

The average values and the confidence levels are shown in Table A2.2. Two types of preset

standard errors were used to evaluate the confidence level: (+5%) and (+10%). Within the +5%
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band width of the standard error, the confidence level varied with print speed and the lowest is

90.3%. Within the +10N band width of the standard error, the lowest confidence level is 83.7%.

Table A2.2 Print speed vs. Confidence level

Print Speed Model Average | Confidence level | Confidence level
(mm/s) (N) (£5%) (£10N)
35 263.93 90.3% 83.7%
40 272.79 99.8% 98.5%
45 263.96 100% 100%
50 283.32 98.2% 92.7%
55 284.61 99.9% 98.4%
60 241.52 99.7% 99.1%

Based on the results shown in Table A2.2, the confidence levels of trials with varying speed are

at above 90% confidence. It is concluded that the confidence level for all the results in Table 3.2

is 80%.

298



Chapter 3: Table 3.3

From Table 3.3, the result loads were obtained from the three point bending test. Equivalent

loads were calculated for the confidence. The dimensions of the sample are shown in Table A2.3

below.

Table A2.3 Equivalent loads and standard deviation of Table 3.3

Print Speed | Width | Height gl Lage () Standard
() () i) Part 1 Part 2 Part 3 Part 4 Average Dm0
9 4.50 20.44 288.89 292.75 268.27 265.95 278.97 13.81
10 4.22 19.492 287.16 258.28 266.40 285.35 274.30 14.21
13 4.10 19.96 281.03 306.78 302.97 302.46 299.23 12.24
15 4.00 19.80 276.43 258.24 272.05 267.68 268.60 7.77

The average values and the confidence levels are shown in Table A2.4. Two types of preset
standard error were used to evaluate the confidence level: (+£5%) and (+10N). Within the +5%
band width of the standard error, the confidence levels varied again with print speed and the

lowest being 97.3%. Within the £10N band width of the standard error, the lowest confidence

level is 92.1%.

Table A2.4 Print speed vs. Confidence level

Print Speed Model Average | Confidence level | Confidence level
(mm/s) (N) (£5%) (£10N)
9 278.97 97.8% 92.6%
10 274.30 97.3% 92.1%
13 263.96 99.2% 94.9%
15 283.32 99.9% 99.4%
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Based on the data given in Table A2.4, the results from experimental trials with varying speed
are above the 90% confidence level. It is concluded that the confidence level for all the results in

Table 3.3 is 90%.

Chapter 5: Table 5.1

From table 5.1, the result loads were obtained from the three point bending test. Maximum
compressive loads were calculated for the confidence. The dimensions of the sample are shown

in Table A2.5 below.

Table A2.5 Equivalent loads and standard deviation of Table 5.1

Maximum Compressive Load (N) ST
Build Style Deviation
Part 1 Part 2 Part 3 Part 4 Average
Flat Layer 220.000 233.666 227.000 228.333 227.250 5.63
Curved Layer 326.666 316.666 314.000 322.666 319.999 5.73

The average values and the confidence levels are shown in Table A2.6. Within the +5% band
width of the standard error, the confidence level varied with print speed and the lowest being

99.9%. Within the +10N band width of the standard error, the lowest confidence level is 99.9%.

Table A2.6 Print speed vs. Confidence level

Build Stvle Model Average | Confidence level | Confidence level
y (N) (£5%) (+10N)
Flat Layer 227.250 99.9% 99.9%
Curved Layer 319.999 100% 99.9%
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Appendix 3 Load deflection of bending tests with varying printing speed
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Fig. A3. 1 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

35 mm/s (Sample 1)
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Fig. A3. 2 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

35 mm/s (Sample 2)
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Fig. A3. 4 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

35 mm/s (Sample 4)
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Fig. A3. 7 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

40 mm/s (Sample 3)
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Fig. A3. 8 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

40 mm/s (Sample 4)
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Fig. A3. 11 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

45 mm/s (Sample 3)
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Fig. A3. 12 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

45 mm/s (Sample 4)
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50 mm/s
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Fig. A3. 14 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at
55 mm/s
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Fig. A3. 15 Load deflection diagrams from three point bending tests of thinner layer parts with print speed at

60 mm/s
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