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Abstract

The use of 3D printing/additive manufacturing technology has grown rapidly in

recent years, with applications in areas like aerospace, automotive and medicine, as

well as more traditional prototyping applications. One of the reasons for this rapid

growth is the ease with which complex objects can be fabricated when compared to

traditional subtractive methods. As the desired objects become ever more complex, it

is inevitable that there are overhangs, holes or edges within the structure that require

additional support material to prevent collapse and to reduce warping of the part,

dependent upon the additive manufacturing method used. This support material has

subsequently to be removed, adding additional build time and cost to production of

the part. By optimising the support structure and associated manufacturing

parameters, it is therefore possible to significantly reduce the time and cost of parts

fabricated by 3D printing. This thesis looks at how the support structures can be

optimised via process planning, with a particular focus on the printable threshold

overhang angle (PTOA) of the support structure and printable bridge length (PBL) to

minimise resource utilisation in the printing process. The process parameters’ effects

on PTOA and PBL are investigated. A new support generation method is proposed

for reducing support waste based on PTOA and PBL. This thesis also looks at how the

support materials can be reduced when fabricating multiple components

simultaneously, as some parts of a component can act as support structures for

another component in multi-part production processes. In some cases, contrarily,

increasing support structures can improve the overall efficiency if the support

structures have some special functions. Lastly, a support interface method is

proposed for easy part removal for direct metal deposition processes.
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Chapter 1

Introduction

Additive manufacturing (AM), also known as 3D printing, direct digital

manufacturing and solid freeform fabrication, is defined by the joint ISO/ASTM

terminology standard to be the “process of joining materials to make parts from 3D

model data, usually layer upon layer, as opposed to subtractive manufacturing and

formative manufacturing methodologies” [1]. 3D printing has been described as the

third industrial revolution by “The Economist” (UK) and others, because of its

distinctive manufacturing method [2]. The origins of additive manufacturing can be

traced back to the 1980s, wherein a series of technologies were developed that were

able to construct a three dimensional object directly from a suitably formatted data

file in a layer by layer fashion [3]. The primary market for these technologies was in

the production of models and prototypes to enable better visualisation of designs,

and to see how the designed part would interact with pre-existing parts. As the use of

such technologies reduced the time necessary to make prototypes, the technologies

were often referred to as ‘rapid prototyping’ [4].

As rapid prototyping technologies were developed, in particular, the ability to

additively manufacture metal parts, the possibility of using such techniques as a

manufacturing process became highly appealing. Potential advantages of such a

manufacturing approach include reduction in material waste, decentralisation of the

manufacturing process and subsequent reduction in transportation and storage costs

[5], realisation of objects that would be difficult or impossible to achieve by

conventional subtractive means [6], and mass customisation of components [7].
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Because of these advantages, AM is becoming increasingly common and has been

applied in many fields [8,9].

1.1 AM technologies

This section provides a brief introduction of AM technologies. According to ISO

17296-1 [10], AM can be divided into seven groups: Vat photopolymerization,

Material jetting, Binder jetting, Powder bed fusion, Material extrusion, Directed

energy deposition and Sheet lamination.

1.1.1 Vat photopolymerization

The definition of Vat photopolymerization is an “additive manufacturing process in

which liquid photopolymer in a vat is selectively cured by light-activated

polymerization” [10]. Figure 1.1 shows the details. Vat photopolymerization

technologies make use of a (liquid) photopolymer resin which is able to cure (solidify)

under a light source [11–13]. Stereolithography (SLA) and digital light processing

(DLP) are the most commonly used ones. Naturally, both SLA and DLP use resin and

a light source to fabricate parts, the main difference between them is the type of light

source used to cure the resin. The printing speed of vat photopolymerization is

relatively high and minimum layer thickness is changeable depending on the curing

depth [14]. The drawbacks of vat photopolymerization are the high costs for the

necessary supplies and materials, the process errors because of overcuring and

scanned line shape [15]. Another disadvantage is caused by its reliance on

photopolymerization, so that the technology has necessarily to be limited to

photopolymers.

In this technique, the raw material used is photoreactive resin (liquid or paste) with

or without filler. Chemical reaction bonding is the basic binding mechanism.



3

Typically, UV radiation from lasers or lamps is the source of activation. After

completing the fabrication, post-processing may be necessary, including support

material removal or post-curing by further UV exposure.

Figure 1.1 Schematic diagram of vat photopolymerization by laser light source (a) and by controlled
area light source (b)

1.1.2 Powder bed fusion

The definition of powder bed fusion is an “additive manufacturing process in which

thermal energy selectively fuses regions of a powder bed” [10]. Figure 1.2 shows the

details. Generally, powder bed fusion utilizes an energy beam (laser or electron) to

selectively melt a powder bed [16,17]. A rolling mechanism helps to spread the next

layer of powder after a layer is scanned and finished. The next layer is scanned,

melted, and fused to the previous layer. In the mid-1980s, Deckard and Beaman [18]

developed Polymer powder bed fusion, which typically processes polyamides and

polymer composites. Materials like ceramic and metal can also be used in this

technology [19,20]. Selective laser melting (SLM) [21,22], direct metal laser sintering

(DMLS) [23,24] and electron beam melting (EBM) [25,26] all belong to and are the

most popular metal powder bed fusion techniques, developed in 1995 and made
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commercially available since 2005 by EOS GmbH (Germany) and Arcam AB

(Sweden), respectively. In addition, Multi jet fusion, high speed sintering and

selective inhibition sintering are developing fast; they also belong to powder bed

fusion. All these processes work by initially creating a powder bed through rolling or

raking the powder fed from cassettes onto the built platform. Then the prealloyed,

atomized powders such as cobalt chromium, 17-4 PH stainless steel and titanium

Ti6Al-4V are heated and melted successively. DMLS and SLM take a focused laser

beam as the power [27–30], while EBM uses a scanned electron beam (up to 60 kV

voltage) [31]. The actual printing process is completed in a vacuum or inert

environment for avoiding powder oxidation. After completing the fabrication, post-

processing is also necessary, such as removal of loose powder and support material.

Also various operations may be adopted to improve surface finish, dimensional

accuracy and material properties; for example micro-blasting, finishing milling,

grinding, polishing and heat treatments.

Figure 1.2 Schematic diagram of laser based (a) and electron beam (b) powder bed fusion
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1.1.3 Material jetting

The definition of material jetting is an “additive manufacturing process in which

droplets of build material are selectively deposited” [10]. Figure 1.3 shows the details.

Similar to an ink-jet printing that deposits ink drops onto a paper substrate through

drop by drop manner, material jetting processes directly deposit wax and/or

photopolymer droplets onto a substrate by drop on-demand ink jetting [32–35].

Photocuring or heating is the power for phase change of the jetted droplets. Much

research has been done in Material jetting technology, including direct ink jetting of

nanoink suspensions of ceramics [36–39], semiconductors [40] and metals [41] for

creating products with added functions. However, inkjet printing has the viscosity

limitation of processing fluids, the suspensions have a relatively low concentration of

solid particles. Post-processing may be needed after fabrication, such as support

material removal and post-curing by further radiation light exposure.

Figure 1.3 Schematic diagram of material jetting
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1.1.4 Binder jetting

The definition of binder jetting is an “additive manufacturing process in which a

liquid bonding agent is selectively deposited to join powder materials” [10]. Figure

1.4 shows the details. In binder jetting, a liquid polymer is selectively deposited onto

a bed of powder [42,43]. The jetted polymer droplet infiltrates the powder surface,

leading to a printed powder agglomerate primitive. Powder spreading promotes

recoating, as is done in powder bed fusion processes. The finished parts are

composed of bound powder, which requires infiltration through post-processing to

gain sufficient strength. Any powdered material that can be successfully spread and

wet by the jetted binder can be processed by this technology. Many materials have

been researched by using this technology, including foundry sand [44], metal [45],

polymer materials [46–49] and ceramic [50]. The binding mechanism of this

technique is chemical and/or thermal reaction bonding. Depending on the bonding

agent, chemical reaction is generally the source of activation. After completing the

fabrication, post-processing may be necessary, including removal of loose powder

and impregnation/infiltration of suitable liquid material depending on the powder

material and intended application.
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Figure 1.4 Schematic diagram of binder jetting

1.1.5 Material extrusion

The definition of material extrusion is an “additive manufacturing process in which

material is selectively dispensed through a nozzle or orifice” [10]. In 1988, Scott

Crump, the co-founder of Stratasys Ltd. developed an AM process that created layers

by mechanically extruding molten thermoplastic material (e.g., Polylactic Acid (PLA)

and Acrylonitrile Butadiene Styrene (ABS)) onto a substrate [51]. The method,

trademarked as Fused Deposition Modeling (FDM), requires high operating

temperatures, and the finished prints typically exhibit high porosities [52,53]. The

process of FDM starts from a CAD model. The model is then sliced by software (e. g.

Slic3r and Cura) into the data which a 3D printer can read. After that, the 3D printer

prints the part layer by layer until forming the whole part as shown in Figure 1.5. The

diameters of the filaments that are mostly used in the market are of 1.75 and 3 mm.

The material should first be melted in a liquifier/extrusion head and then carefully

deposited through a nozzle attached to the bottom of the head. The cross-sectional

geometry of the part is traced using CAD modelling to fabricate three-dimensional

parts in a layer-by-layer manner. The liquefier head operates along X and Y axes,

whereas the build platform operates in the Z-axis. Delta 3D printer is another type of
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material extrusion. The Delta style printer uses three runners on long vertical rails to

control the print nozzle, each with an arm connected to the nozzle [54,55]. These

arms move up and down independently to locate the nozzle precisely throughout the

fabrication process, while the print bed keeps still in the whole process. Post-

processing in this technique is generally the removal of support structures.

Figure 1.5 Schematic diagram of material extrusion

1.1.6 Directed energy deposition

The definition of directed energy deposition is an “additive manufacturing process in

which focused thermal energy is used to fuse materials by melting as they are being

deposited” [10]. Figure 1.6 shows the details. In directed energy deposition (DED),

metallic powder or wire is fed directly into the focal point of an energy beam to create

a molten pool [56,57]. Laser Engineered Net Shaping (LENS) was first created at

Sandia National Laboratories in 1995 and commercialized by Optomec [58]. Parts

printed by LENS technology accommodate graded multi-materials [59] and allow

microstructures with complicated inner features [60]. DED systems with wire-fed

methods have also been achieved [61]. Lasers and electron beams are the most

commonly used energy source. Up to 99.9% theoretical density of the material can be
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achieved by directed energy deposition. The printed microstructure consists of well-

refined grains and parts in this process usually exhibit 30% higher strength than

those built by casting, because of the local melting and rapid cooling. Another

advantage of this technology is that it can be uniquely used to repair parts as the

damaged portion of a part could be re-stored selectively [62]. In addition, the ability

to add coatings (or clad) to existing surfaces of this technology is also a significant

benefit [63,64].

Figure 1.6 Schematic diagram of directed energy deposition

1.1.7 Sheet lamination

The definition of sheet lamination is an “additive manufacturing process in which

sheets of material are bonded to form an object” [10]. Figure 1.7 shows the details.

Laminated object manufacturing (LOM) is one of this technology and was developed

in 1986 by Helisys Inc. (now Cubic Technologies) [65]. One advantage of LOM is low

internal tension and fragility of the parts, lower material, machine and process costs

[66], and high surface finish details. Metal parts can also be printed by the sheet

lamination AM process by cutting, stacking, and gluing profiled metallic laminates.

The rapid laminated tooling for sheet metal manufacture was first proposed by
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Himmer et al. [67] in 1999. Ultrasonic consolidation is another technique of sheet

lamination. The process works by scrubbing metal foils together with ultrasonic

vibrations under pressure continuously [68].

In this technique, the raw material typically is paper, metal foil, polymers or

composite sheets predominately formed of metal or ceramic powder material.

Thermal reaction, chemical reaction bonding or ultrasound can be used for binding.

The source of activation includes localized or large-scale heating, chemical reaction

and ultrasonic transducers. After completing the fabrication, removal of waste

material, infiltration, heat treatment, sanding or machining may be used to improve

surface finish.

Figure 1.7 Schematic diagram of sheet lamination of continuous roll (a) and discontinuous sheets (b)

1.2 Support structures for AM

Different AM technologies have different reasons for requiring support structures.

Some require such a structure to resist deformation or even collapse caused by

gravity as the fabrication of the component proceeds, or to tether parts so far

unconnected to the main body of the printed part during production. Support

structures can also be used to mitigate the effects caused by any generated thermal

https://en.wikipedia.org/wiki/Metal
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gradients during the manufacturing process and shrinkage upon solidification that

are inherent within a large number of AM techniques. This helps to reduce thermal

distortion that can lead to cracking, curling, sag, delamination, and shrinkage.

Support may also be used to balance a printed object so that it is securely tethered to

the build platform during manufacture. A comprehensively summarized table shows

the details (see Table 1.1) about different 3D printing processes and its support

structure features/functions. Totally speaking, the purposes of support structures

can be categorized in three types:

 Some printing processes may include high thermal gradients, especially metal

processes. Therefore, shape distortions and residual stresses may occur due to

this excessive heat accumulation [69]. In this case, the support structures may

have a role as both a heat diffuser and rigidity enhancer. Figure 1.8(a) shows an

illustration of thermal deformation due to residual stresses.

 Local deposition processes (such as FDM, DMD) can only deposit material on

existing surfaces below. A support structure is therefore necessary to ensure that

material is deposited at the intended height and the expected output geometry is

achieved. Figure 1.8(b) shows such an example schematically.

 Shapes of the printed parts may move or deform during the printing process,

typically when fabricating unbalanced parts or the raw material (powder, resin)

is unable to sustain the weight of that part. In this case, the support structure

takes the role of fixture. Figure 1.8(c) shows an example for part balance. Here in

this figure, if there is no support structure, the part is unable to stand in balance

and will collapse. Also, a support structure can act as a tether in powder bed

processes to stop any shift, especially layer shift during re-coating processes.
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Figure 1.8 (a) stress gradients in single layers; left is the heating state of stress; right is the cooling
state of stress; (b) an example of support structure for printability; (c) an example of support structure
for part balance. (The black structures are the parts while the green struts are the support structures)

However, although a support structure can help solve the aforementioned problems,

it will introduce some new challenges. The main disadvantages of a support structure

are as follows:

 The removal of support structures after printing often requires a significant

amount of manual work, especially in the case of metal processes. Support

structures need extra time to be cut, ground or milled off after printing.

Consequently, labour and time to manufacture the part increases.

 The requirement of manually removing the support from the part constrains the

geometric freedom of the part as there needs to be hand/tool access.

 Support structures typically result in wasted feedstock material as they are not

reusable and have to be discarded after removal if they are not recyclable.

 When adding support structure to a part, the print time will be longer as the

support structure also needs to be printed. As additive manufacturing processes

typically have energy costs that scale with the volume of material used, this leads

to increased energy usage.
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 The support structure may be detrimental to the surface finish when the

structure is removed.

 Extra time is required to design the part to accommodate the support structure

and the design of the support structure itself. This implies a larger data file for

the part. As printing speed increases and the complexity of a single voxel

increases by incorporation of information such as colour and material, the speed

of data transfer may become a limitation.

 The set-up of STL (or equivalent data file) models ready for printing requires

specification of the print orientation and the subsequent generation and

placement of support structures. This generally requires manual intervention

based on the expertise of the operator.
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Table 1.1 Characteristics of AM technologies on support structure

3D printing
category
[10]

Definition Technologies Material used

Does this
technique

need
support

structure?

The functions of support structure

For thermal
dissipation

For
printability

For part
balance

Vat
photopolyme

rization

Liquid photopolymer
in a vat is selectively

cured by light-
activated

polymerization.

Stereolithography (SLA) [70] Photopolymers Yes
√ √

Solid ground curing (SGC) [71] Photopolymers NO

Liquid thermal polymerization (LTP) [72] Thermosetting polymers Yes √ √ √

Beam interference solidification (BIS) /
Holographic interference solidification

(HIS) [72]
Photosensitive polymers Yes

√ √

Binder jetting

Liquid bonding agent
is selectively

deposited to join
powder materials

Three-dimensional printing (3DP) [73] Powder materials NO

Material
jetting

Droplets of build
material are

selectively deposited.

Inkjet printing (IJP) /Multijet modelling
(MJM) /Thermojet [32,74,75]

Liquid materials NO

Ballistic particle manufacturing (BPM) [76]
Thermoplastics and

metals that easily melt
and solidify

Yes
√ √

Powder bed
fusion

Thermal energy
selectively fuses

regions of a powder
bed.

Selective laser melting (SLM) [77]

Powder materials,
including stainless steel,

tool steel, cobalt
chrome, titanium and

aluminium

Yes √ √ √
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Selective laser sintering (SLS) [78]

Powder materials,
including metal

powders, nylon, nylon
composites, sand, wax,
polycarbonates etc.

Generally not
necessary,

depending on
the materials
used. If yes, it
is for thermal
dissipation

only

√

Direct metal laser sintering (DMLS) [79] Metallic powder only Yes √

Electron beam manufacturing (EBM) [15] Metal powder Yes √ √ √

Material
extrusion

Material is selectively
dispensed through a
nozzle or orifice.

Robocasting [80] Ceramic slurry Yes √ √

Fused deposition modelling (FDM) [81] Thermoplastic material Yes √ √ √

Directed
energy

deposition

Focused thermal
energy is used to fuse
materials by melting

as they are being
deposited.

Direct metal deposition (DMD) / Laser
engineered net shaping (LENS) [82,83]

Metal powder Yes √
√ √

Laser powder deposition (LPD) [84] Powder materials Yes √

√ √

Selective laser cladding (SLC) [85] Metal powder NO

Sheet
lamination

Sheets of material are
bonded to form an

object.

Laminated object manufacturing (LOM)
[86]

Adhesive backed paper NO

Solid foil polymerization (SFP) [72] Semi-polymerized foil NO
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1.3 Objectives and scope

Because of the drawbacks of the support structures illustrated previously, the main

motivation of this research is to optimize the support structure in AM processes with

the aim of (1) saving material/print time, (2) improving the finished quality or (3)

specializing the support structure for improving the overall efficiency. The scope of

this research is presented as follows:

(a) Investigate printable threshold overhang angle (PTOA) in FDM for reducing

PTOA in future printing processes. Once the PTOA is reduced, the support

consumption can be reduced as well.

(b) Investigate the longest printable bridge length (LPBL) in FDM in different

process parameters. Once the LPBL is increased, this feature can be integrated into

support generation process, thus increasing the distance between support struts and

reducing support consumptions.

(c) Based on the features and results of PTOA and LPBL, a new support generation

strategy is proposed which can save more material than general support methods.

(d) When a group of components in the same build vat or chamber is fabricated

simultaneously (multi-part production), some parts of a component can act as

support structures for another component. Therefore, the positions of components

between each other are very important and will affect the consumption of support. A

four-step method is proposed for multi-part production in FDM processes. This

method includes the orientation optimization, combination optimization between

each component, possible optimal combination generation and selecting the final

combination of component positions.
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(e) In addition to optimizing support for reducing material consumption, a support

interface with special function is introduced for easy part removal in DMD processes

for improving overall efficiency. Though this will increase the support material

consumption, it will make the removal of parts easy in DMD processes and improve

the overall efficiency.

1.4 Thesis organisation

In order to achieve the elaborated objectives, both theoretical analysis and practical

experimental studies are conducted and presented. The organization of this thesis is

as follows:

Chapter 2 provides a thorough literature review on support structures for AM.

In Chapter 3, theoretical analysis and experimental study are carried out for

understanding the PTOA and studying relevant parameters’ effect on PTOA in FDM

processes. Specifically, effects of print temperature, print speed and cooling fan

speed on PTOA are studied. Research on these factors is necessary to be carried out

as it is a potential way to lower the PTOA as much as possible by improving print

settings, thus achieving time and cost savings.

In Chapter 4, the effects of process parameters (including print speed, cooling fan

speed and print temperature) on LPBL are investigated in FDM processes. The

orthogonal method is employed for designing 32 tests of experiments with different

process parameters. Subsequently, a back propagation neural network (BPNN) is

trained based on that set of experimental sample data to establish the nonlinear

relationship between PBL and process parameters. After that, process parameters are

optimized for achieving the longest printable distance which means the longest

bridge a 3D printer can print (with satisfactory finish surface quality) without using
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any additional support structure. The feature and results of the LPBL can be

integrated into slicers for slicing 3D models and generating supports, thus

minimizing support usage and production cost in future printing processes.

Chapter 5 introduces a new support generation method based on PTOA and LPBL

which can save much support materials, compared with support methods from

software Cura.

Chapter 6 proposes a four-step strategy of multi-part production for reducing

support consumption in AM. When printing a group of parts in the same build vat or

chamber, the proposed strategy optimizes the print orientation for each part,

combines every two parts based on the geometries, proposes several possible multi-

part combinations, and then selects the optimal part positions for fabrication. Two

case studies are carried out for verification. The results show that the four-step

strategy can significantly reduce the support waste and total fabrication time. This

strategy can be used in future production processes when additively manufacturing a

group of parts at the same time.

Chapter 7 proposes a support interface method for easy part removal in DMD

processes. Though this method increases the consumption of material, it can

improve the overall efficiency. After the part is printed in DMD process, it is firmly

attached to the substrate and requires a following processing step to use laser cutting

or wire electrical discharge machining (wire EDM) for part removal. This additional

step not only increases the cost and labor for getting the final parts, but also slows

down the overall process efficiency due to the lengthy part removal procedure. To

speed up the process and to avoid the additional step requiring laser or wire EDM, a

support interface method is proposed for direct part removal in DMD. Before
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printing of the actual part, an interface layer with a strut array is first fabricated. The

actual part is built upon the interface layer which can be easily destroyed to remove

the part. By adopting the support interface strategy, no wire/laser cutting is needed,

thus saving labour, energy and time.

Chapter 8 closes the thesis with conclusions and recommendations for future work.
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Chapter 2

Literature Review

This chapter presents a critical review of the current state of research on support for

AM. An additive manufacturing process joins material together in a layer by layer

fashion, which might lead to issues when a new layer has a footprint different to the

previous layer, as is likely to be encountered in the complex geometries that additive

manufacturing is best suited for. Figure 2.1 shows an engineering part that needs

support structures for printability. As the complexity of the printed parts increases,

the likelihood of encountering a multitude of these features in a component increases

as well. This means that to enable additive manufacture of complex components, a

support structure of some kind is necessary, but it needs to be removed from the part

to form the final component, wasting materials and cost.

Figure 2.1 (a) an engineering part; (b) part needs supports for printability

The need for a support structure has been well appreciated since the techniques used

were developed for rapid prototyping. This was viewed as a minor inconvenience

within the manufacture of prototypes, largely due to both the one-off nature of

production and the other benefits of rapid prototyping outweighing this disadvantage.

In addition, the quality of finish of the prototyped parts was not necessarily critical to

their function. As a manufacturing process, the need to produce and then remove
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support material presents significant potential increases in material consumption,

energy usage and the amount of manual post-processing required to produce the

final part. As well as the concurrent increases in cost, this also has the potential to

increase the level of manual intervention necessary in an otherwise automated

process, hence negating some of the advantages as a manufacturing process [87].

Consequently, there is a significant economic imperative in reducing the costs

associated with support structures in additive manufacturing. Some papers have

been published about optimizing support structures for additive manufacturing, in

terms of reducing wasted support materials, print time, energy cost and others. To

make additive manufacturing a more environmental-friendly production technique,

it is necessary to review all the research done on support structures for future

development.

2.1 Support methods in AM

The reason for using support structures is to assist in the printability during the

manufacturing process [88–91]. Generally, a 3D model with overhanging, hole or

edge features will need support structures for successful fabrication as printed

materials will not be able to stand in a position “in the air”. Therefore, support

structures are necessary to keep these printed materials in the intended position.

There are many different strategies to find the supported regions that need support

assistance. Based on the literature review, STL and sliced data are two major files

from whose bases support structures are generated. The STL file consists of many

triangles; the recognition of to-be-supported regions needs to traverse all the

triangles and judge whether each facet satisfies the conditions. All the selected facets

are subsequently organized to create the support structures [92]. Another method to

generate supports is based on sliced layers. Jin et al. [93] proposed a support
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generation approach based on sliced layers to generate both internal and external

supports for AM, which is easier to be handled than three-dimensional processing of

STL model.

Research in support structures for 3D printing has largely focussed on reducing the

print time, support materials used and post-processing by altering and optimizing

support materials. The methods by which these goals have been investigated are

relatively diverse. For the sake of simplicity, and to help in placing this variety of

research into context, a simple taxonomy has been devised, which is illustrated in

Figure 2.2. Each subset as defined in the taxonomy will then be discussed in turn.

Figure 2.2 Main categories of support structure methods for 3D printing

2.1.1 Keep original design intact

In this section, research on support structure improvement whilst keeping the

original design of part intact will be discussed. Specifically, variations to part

orientation, sacrificial/soluble support, support structure optimisation, and usage of

support baths will be discussed with reference to how they influence the support

usage and final part quality.
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2.1.1.1 Optimal part orientation

The build orientation of an AM part refers to the direction that is orthogonal to the

layers of the object being fabricated. AM part orientations play an important role in

AM processes as they have a profound influence on the properties of the final part

and the nature and amount of support structure needed. In addition, the part

orientation affects the support contact area, surface roughness, build time and cost of

the fabricated part. Figure 2.3 illustrates a “T” example. The left needs the most

support material (see Figure 2.3(a)), followed by the example illustrated in Figure

2.3(b), whilst Figure 2.3(c) does not need any support. Much research has been done

on minimizing the support volume by altering the orientation of the supported parts

[94–99]. For instance, Zhao [100] proposed a multi-objective function to find an

optimal part orientation to minimize volumetric error, build time and support

structure. This operation, however, was deemed to consume too much computing

time because it uses a generic algorithm iteratively for an arbitrarily large and

complex STL file. Pandey et al. [101] proposed a multi-criteria genetic algorithm to

minimize build time while improving surface quality. Paul and Anand [102] analysed

the manufacturing of precision parts through AM processes with minimal amount of

support structures by choosing the optimal part orientation. The orientation is

determined by a voxel-based algorithm, developed by the authors. Nevertheless, this

is based only on minimizing flatness and cylindricity errors. Das et al. [103] also

identified a better build direction which can reduce the support material used while

meeting the specified Geometric Dimensioning & Tolerancing (GD&T) criteria of the

part for a DMLS based process. However, the methodology used in their paper to

calculate the relative build time considers only the contiguous area of each layer. It

does not include parts with internal cavities or pockets. Yang et al. [104] proposed a
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multi-orientational deposition (MOD) method to minimize the use of support

structures in FDM and SLA. However, this MOD is limited only to the first layers of

the overhanging structures. Gao et al. [105] modified a standard low-cost FDM

printer with a revolving cuboidal platform and printed partitioned geometries

around cuboidal facets, which achieves a multidirectional additive prototyping

process to eliminate the support and print materials usage. The disadvantage of this

method is that parts with complex geometries cannot be approximated by a single

cuboid, thus they are unable to be printed. To prevent the visual impact of the

finished parts, Zhang et al. [106] presented a method to find printing directions that

avoid placing supports in user-preferred features. However, this prefer-method only

has a limited application as it requires manual intervention to define the preferred

features. Zhao et al. [107] proposed a novel printing strategy, inclined layer printing,

which allows printing without supports. The printed structures are sliced at an

incline and overhanging structures are supported by adjacent layers under a suitable

slicing angle.

Figure 2.3 Example of different part orientations influencing the support (Black: parts; Green:
supports.)
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2.1.1.2 Sacrificial or soluble materials as support

Another method to create support structures is by printing supports with different

materials which are soluble or sacrificial in some way. This means when printing a

part, the part material is used to print the final part while another sacrificial material

(that is either easier to remove or cheaper than the part material) to print the support,

thus reducing the cost and post-processing requirements. In FDM processes, soluble

support materials have been used extensively, with preference given to polymer

feedstocks that are soluble in relatively benign solvents such as water (poly(vinyl

alcohol) and limonene (high impact poly(styrene)). Another common combination is

a part printed with acrylonitrile butadiene styrene (ABS) while a sacrificial support

structure is printed with polylactic acid (PLA), which is later selectively removed by

immersing the 3D printed structure in a solution of isopropyl alcohol and potassium

hydroxide. This removes the soluble support structures (PLA), while the ABS

component will remain intact [108]. Hopkins et al. [109] proposed a support material

containing acrylic copolymers with a polymeric impact modifier. The new support

material can effectively resist cracking or breaking and can also be removed easily

and quickly in an alkaline aqueous solution, in which it dissolves rapidly. In addition,

Ni, Wang and Zhao [110] also conducted some research on Poly(vinyl alcohol) (PVA)

which can act as water-soluble supports in 3D printing processes.

As for metal processes, Hildreth et.al. [111] were the first to try to use sacrificial

materials as supports in directed energy deposition. This method can be adopted in

other metal deposition systems, such as wire-feed and powder-bed fusion. As a

demonstration, a stainless steel bridged structure with a 90° overhang was fabricated

using a carbon steel sacrificial support that was later removed through

electrochemical etching in 41wt.% nitric acid with bubbling O2. However, all these
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methods increase the post-process treatment and hence labour and cost. Mumtaz et

al. [112] adopted an anchorless SLM method to manufacture eutectic alloys parts

without support structures. Specifically, they used bismuth and zinc as the basic

materials. The shortcoming is that this method is limited to producing eutectic alloys.

Recently, Lefky et.al. [113], for the first time, brought dissolvable supports in powder

bed-based metal printers that are limited to single-material builds. In this work, the

supports can be electrochemically dissolved under anodic bias in a solution of HNO3/

KCl/HCl.

2.1.1.3 Support structure optimisation

Support structures are typically optimised to minimise material usage, and therefore

concurrently minimise build time and cost of the manufactured part. Due to their

advantages of low solid volume fraction, this has tended to lead to cellular support

structures, which also provide opportunities to reduce time needed for removal of

support structures as well as build time. The main support methods in this

subsection are shown in Table 2.1 for visual perception. Hussein et al. [114] explored

the potential of using cellular structures for support of metallic parts based on SLM.

They conducted some preliminary experiments to validate their method. Despite this,

due to high thermal gradients involved in the phase transformation process, thermal

stresses and distortion of the part occurred. According to their preliminary results,

they did further research [115]. Two types of lattice structure (diamond and gyroid)

had been investigated for their suitability as support structures. The results showed

that material and build time can be reduced successfully while fulfilling the

structural demands. However, the low volume fraction of cellular structure may be

too fragile to be consistently manufactured with an SLM process at the desired

resolution. Vaidya and Anand [116] employed Dijkstra’s shortest path algorithm [117]
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to generate cellular support structures which can minimize the support volume. They

used a numerical model to show their methods are capable of handling the load of

the part. Their case studies show that there is a substantial decrease in support

volume, sintered area and support contact area when compared with a fully solid

support, with adequate consideration of support accessibility for post processing.

However, the support structure is limited to truncated octahedrons and rhombic

dodecahedrons.

Strano et al. [97] proposed a new approach which applies a new optimisation

algorithm to use pure mathematical 3D implicit functions for the design and

generation of the cellular support structures, including graded supports. In their

method, different cellular structures can be easily defined and optimised, especially

graded structures providing less support where it is not needed and more robust

support elsewhere. Lu et al. [118] utilized the Voronoi diagram to compute irregular

honeycomb-like volume tessellations which define the inner structure. They took

honeycomb-cell structure as inner support structures based on a hollowing

optimization algorithm. However, they only considered the inner support as a part of

the final product rather than as a removable support structure. Wei et al. [119]

presented a sparse tree support structure generation algorithm. This method

consumes less time and materials and is more stable for FDM. It may be further

improved if surface quality can be considered in the future. Vanek et al. [120]

proposed a tree-like support structure generation method for FDM which can reduce

printing time and material used. However, their method is geometry-based and

considers only the angle and length of the supporting strut.

Schmidt et al. [121] proposed a type of space-efficient branching support structure

which can reduce wasted time and material in fused-filament 3D printing (FDM). In
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their study, 75% less plastic support material was used than the manufacturer-

provided supports, as well as reducing print time by an hour. Shen [122] proposed a

bridge support structure generation algorithm which can save an average of about

15.19% of printing and about 24.41% of time, compared with a vertical support

structure. They also developed an automatic generation algorithm based on critical

angle constraint, which can achieve the same goals [123].

Gan et al. [124] explored “Y”, “IY” and Pin support structures to help design practical

supports for thin plates and cuboids, based on SLM. Their results revealed that, with

only 2.2% overhang-support contact area, uniformly spaced vertical struts can

manufacture relatively level thin plates. Another conclusion is that unequally spaced

support structures can transform the heat dissipation pattern in the thin plate, thus

resulting in thermal distortions. Regardless of this, further experiments are

necessary for adopting the method to more applications. Zhao et al. [125] employed a

particle swarm optimization algorithm with a novel constraint-handling strategy to

minimize the material waste and contacting area with the consideration of

mechanical analysis on the support structures. However, they only considered the

base supports in their work, though theoretically it could be extended to the in-part

support structures. In addition, only simulation work has been done in this paper,

physical experiments are still necessary. Dumas et al. [126] presented a novel way to

select points to be supported based not only on overhangs but also on the stability of

the printed model throughout the entire build process. An efficient algorithm was

shown to build bridge scaffoldings that support a given sets of points in space with

less material. However, their method does not consider the robustness of the printed

object and the sweeping algorithm is unaware of the geometry of the object aside

from the collision detection. Recently, Habib and Khoda [127] proposed a grain
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architecture design as a support considering the amount of support volume,

maximum contact interface, lower fabrication time, and ease of fabrication. Allaire

and Bogosel [128] presented a mathematical and numerical method to design

optimal support structures (see Table 2.1) in laser-based metal processes.

Table 2.1 Demonstration of main support methods

Support methods Suitable techniques Examples

Lattice support [115] Metal AM processes

Unit cell support [116] All processes

Cellular support [97] SLM

Honeycomb support [118] FDM
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Sparse tree support [119] FDM

Tree-like support [120] FDM

Space-efficient branching

support [121]
FDM

Bridge support [122] FDM

“Y”, “IY” and Pin support

[124]
SLM
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Mathematical and

numerical method [128]
Laser-based processes

Grain support [127] FDM

2.1.1.4 Support baths

While ubiquitous in top down stereolithography, support baths have recently

garnered interest in other areas of 3D printing, mainly in the area of bio-fabrication.

During the printing processes, the printed parts are stabilized by the support bath

that readily flows when applying an external force larger than its yield stress, such as

that induced by a moving extrusion nozzle. Once the nozzle moves on, the fluidized

support material fills any crevasses in its wake and then returns to its gel-like

behaviour. This bulk support material could successfully support every feature of a

printed part when the yield stress of the support material is higher than surface

tension and gravitational forces. Then, the whole liquid structure is solidified in situ

by applying suitable cross-linking mechanisms [129,130]. Hinton et al. [131]

demonstrated a new method of 3D printing Polydimethylsiloxane (PDMS) using a

hydrophilic Carbopol Support Bath. Carbopol support acts as a Bingham plastic that

yields and fluidizes when the syringe tip of the 3D printer moves through it, but acts
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as a solid for the PDMS extruded within it. Suspension 3D printing was proposed by

Yu et al. [132] which used self-healing hydrogel support to create macroscopic

structures of liquid metal that exhibits properties indicative of a non-printable object.

Another advantage of support baths are that they are theoretically reusable and can

be seen as a sustainable and green support method.

2.1.1.5 Others

In addition to the mentioned methods for improving support structures, there are a

variety of other trials. Chalasani et al. [133] proposed a computational algorithm for

support minimization for FDM using a ray casting approach. Huang et al. [134]

designed and tested a novel support structure with sloping walls for FDM, through

an algorithm, based on the STL model. The results show that this support structure

can greatly reduce the volume of support (30%), thus optimizing the fabrication

process. But, they did not consider reduction of total support contact area with the

part. Calignano [135] optimized the design of supports for overhanging structures in

aluminium and titanium alloys by SLM. He used Taguchi methods to find values that

allow obtaining the condition most suitable for easy removal and reducing

deformations for most geometries of the printed parts. Barnett and Gosselin [136]

introduced new support geometry algorithms based on the use of two support

materials, one which is weak and easily removed and another that can maintain

structural integrity. In addition, effects of process parameters on the lowest printable

overhang angle size were studied by the authors for minimizing support waste [137].

The use of skin-frame structures was investigated by Wang et al. [138] with an

algorithm derived for the purpose of reducing the material cost in printing a given

3D object, with the frame effectively acting as a support structure. Unfortunately, the
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alteration to mechanical properties had not been considered. Zhang et al. [139]

presented a novel method for designing the internal supporting structures of 3D

objects based on their medial axis in order to reduce the amount of material used,

with satisfactory quality. However, all the above methods do not consider a self-

printability requirement (i.e. the support structure itself should not require a support

structure). Lee and Lee [140] proposed a new inner support structure generation

algorithm which can reduce the amount of material used to fill the interior of an

object and the manufacturing time as well, while ensuring self-printability. Jin et al.

[93] presented an approach to generate both external and internal support structures

for AM based on sliced layers to enhance the manufacturing accuracy and efficiency.

Their experiments validated that this can reduce fabricating material usage and build

time. However, they failed to take account of post-process impact to the surface

quality and the removability of the support structures, especially internal support.

2.1.2 Redesign original part

In this section, research on support structure improvement by redesigning/changing

the geometry of the original part is discussed. Generally, redesign is based on

Topology optimization (TO) or feature-based methods and the final part can still

keep the function of that original part.

2.1.2.1 Optimizing the topology to reduce support

Usually, TO methods are used to tackle practical design problems with traditional

manufacturing processes, such as machining and casting. However, as the

development of 3D printing technology proceeds apace, it is desirable to adopt TO in

3D printing. TO can provide the ‘best’ design (structure) in a given area, load and

constraint condition. The general workflow of TO for 3D printing can be found in the
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following review [141]. Many researchers have done relevant works [142–147].

Unfortunately, to the best of the authors’ knowledge, only seven papers are related to

the reduction of support structure.

Gaynor and Guest [148] attempted to more thoroughly integrate overhang

constraints into the topology optimization methodology. They embed a projection

step associated with the overhang angle constraint within the standard Heaviside

Projection methodology (HPM) [149]. By designing components and structures

whose features rise in the build direction at an angle that is greater than a process

specific minimum allowable self-supporting angle, anchors in metallic AM processes

or polymer support materials can be eliminated. Mirzendehdel and Suresh [150]

proposed a topology optimization methodology that can lead to designs requiring

significantly reduced support structures. Cloots et al. [151] developed a specific

component segmentation strategy for SLM which allows the segmentation of critical

areas of the parts by applying a specific scanning strategy with appropriate energy

input, thus reducing the support structures needed. Leary et al. [152] proposed an

automated method to modify topologically optimal geometries as required to enable

support-free manufacture. However, this method has been applied to only polymeric

additive systems. Langelaar [153] proposed a topology optimization formulation that

can exclude unprintable geometries from the design space, resulting in fully self-

supporting optimized designs. However, this will be detrimental to the performance

of some products in some cases and can only be used in limited components.

As stated above, all six of these papers are about topologically optimizing the final

product to reduce the support needed, rather than the support structure itself.

Strictly speaking, these studies could not be directly seen as support structure

research as TO is not applied on support structures. This distinction is particularly
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relevant as AM processes move towards mainstream manufacturing, where further

constraints on design will limit the ability to redesign a component based on

printability and support structures. Recently, Kuo et al. [154] tried to integrate

topology optimization directly into the support structure generation process itself,

though they only considered a fixed part orientation. Further work needs to be

carried out in the future to fully apply TO to support generation.

2.1.2.2 Others

Hu et al. [155] proposed an orientation-driven shape optimizer to reduce the

supporting structures used in single material-based AM (in particular FDM and SLS).

Their method can meet the overhang angle constraint through modifying a given

topology by changing the angles and shapes of features, thus reducing supports.

Unfortunately, this method, to some extent, needs to change the shape of products,

which is unacceptable in some cases. Figure 2.4 shows some printed examples by

changing original shapes for reducing support waste.

Figure 2.4 Examples for reducing support waste by deforming original shape [155]

2.2 Discussion

Of the research looking into methods of improving support material utilisation, most

concern FDM printing technology (27 publications), and just a few could be suitable

for all AM techniques (5 publications). The reason for this is most probably the

unavoidable and higher requirement of support in FDM, and the popularity of the

printing technique. FDM needs material beneath the printed layer as it is extrusion-
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based, while for powder processes, the powder could take the role of support. In

addition, the unused powder which acts as support can be reused, to an extent, in the

future. However, the supports fabricated in extrusion-based processes are generally

unable to be reused, unless after re-manufacturing the support is reprocessed into

printable filaments. For powder bed processes, support material is generally used for

ameliorating thermal stresses during manufacture and to anchor the printed part

within the build volume.

Compared with FDM, the number of papers published on metal additive processes

regarding support is quite small (8 publications). The comparatively low accessibility

to metal 3D printers is probably one of the causes of this discrepancy. However, this

does not necessarily mean support structure for metal processes is not a topic of

significant importance. On the contrary, metal-based processes will have greater

research focus as their significance increases as usage of additive technologies

develops from prototyping into manufacture. In contrast, polymer-based additive

manufacturing technologies are easy to access and cheap, like FDM. It would

therefore be desirable if research into the more accessible additive manufacturing

technologies could be more widely related to other techniques.

2.2.1 Limitations of current methods

A significant amount of research has been done on improving support for additive

manufacturing and this has achieved much in reducing support material and time

used. There are, however, still many limitations in the current improved methods.

For instance, the method from [155], to some extent, needs to change the shape of

products for self-support, which will lead to inevitable alterations compared with the

original 3D model. This is unacceptable if the tolerance is small, especially for a
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functional component which needs exactly the size and characteristics initially

specified. For example, when a part from an engine is broken and will be replaced by

3D printing that part, the part is supposed to have the exact size and features for

being able to fit the engine. Therefore, altering the 3D model, even very slightly, may

not be acceptable.

For optimal part orientation, it is true that support could be reduced significantly by

changing the print orientation [95–97,99]. However, the strength of the printed part

may be changed accordingly as well, due to the anisotropic mechanical properties

typically found in additive manufacturing technology. For example, the strengths of a

dog bone as shown in Figure 2.5 printed in x (a) and y (b) directions will be different

[156]. From a design perspective, it is therefore desirable to manufacture a part so

that the principal stresses align with the strongest print direction. Research to date

has focussed solely on the reduction in support material irrespective of mechanical

properties. As the use of additive technologies for final part manufacture increases,

the balance of time and cost savings in manufacture due to support materials will

have to be balanced with the influence on mechanical properties.

Figure 2.5 Illustration of dog bone printed in two directions

The use of material different from that used in building the object, such as soluble

support materials, presents inherent advantages with regards to the automation of

post-processing. It does, however, raise further complications in the printing process
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as the AM technique has to be amenable to the use of multiple materials. It is

therefore most suitable to techniques where this is relatively trivial, which is

predominantly the case with deposition-based processes such as material jetting and

fused deposition modelling. Serendipitously, these are perhaps the AM techniques in

which soluble support materials are most desired. In addition, consideration has to

be given to the removal process, which will take additional time in manufacturing

and may involve the use of potentially harmful solvents. Approaches that therefore

limit the use of soluble material to only where it is needed may therefore be of

increased interest [136]. For similar reasons, the use of support baths, which provide

the role of support material without the necessity of directly printing a support are

also of considerable interest.

In seeking better structures as support, some structures have been optimised to fulfil

their primary support role in as energy- and material-efficient role as possible.

Unfortunately, the new support structure might also bring new problems during 3D

printing. For instance, Hussein et al. [114] explored the potential of using cellular

structures as support of metallic parts based on SLM. However, due to high thermal

gradients involved in the phase transformation process, thermal stresses and

distortion of the part occurs.

2.2.2 Efforts in eliminating supports

In addition to optimizing support structures in previous studies, some researchers

have also carried out some work on eliminating support usage. Zhao et al. [107] tried

to use an inclined deposition method for building parts in fused deposition modelling

processes which can change the direction of the nozzle, thus eliminating support

consumption. However, this method can only be used in fused deposition modelling
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processes and may require accurate control of the nozzle as well as path calculation.

Wu et al. [157] proposed a robotic system - RoboFDM that can achieve printing 3D

models without support structures, which is also limited to FDM processes.

Removable water/ice support for stereolithography was tried and proposed by Jin

and Chen [158]. Though this strategy seems to eliminate using part material as

support, it instead requires the repeated heating and cooling of water to induce the

necessary phase change, which may be less energy efficient. Multi-axis or robotic

additive manufacturing processes were also investigated by [159–166]. However,

these techniques may require high cost at the beginning and the extra complexity

within the manufacturing process will likely render any support reduction strategies

highly specific to the process in question. The main uses of multi-axis additive

manufacturing are for special functions such as repairing components.

2.2.3 Principles of support design

In general, a large proportion of support methods in the literature are based on the

following rules: 1) avoid large-size holes parallel to the printing surface; 2) avoid

surfaces with a lower overhang angle; 3) avoid trapped surfaces where support

materials would be difficult or impossible to remove; and 4) structure optimization

to reduce the support material used. While these methods are of significant validity,

especially when focusing on prototyping applications, the freedom to produce an

object based around these principles may be limited when manufacturing parts for

real world use due to constraints placed upon final part geometry and performance.

It is therefore apposite to establish whether the methods discussed in the literature

are able to work within a relevant set of constraints related to the defined application

of the part. Also, support structure design should consider the printability, constraint

of overhang angle size, part balance, thermal conditions, ease of removal and any
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other relevant factors. Generally, the design of support structures should be based on

the following principles:

 Support should be able to assist parts from collapse/warping, especially the

outer contour area which needs support; For metal processes, stress and

strain needs to be considered and thermal simulation modelling can be

conducted for design;

 The connection between support and final part should be of minimal strength

to perform the support function, with the aim of easily removing support;

 The contact area between support and final parts should be as small as

possible to reduce surface deterioration after support removal;

 When designing support, material consumption and build time should be

considered as a significant factor, as well as the trade-off between them and

final printed quality.

Though there has already been much research carried out for reducing support

consumption and improving the qualities of products, support structures can still be

further optimized. In the next chapter, the theoretical analysis and experimental

study are carried out for understanding the printable threshold overhang angle

(PTOA) and for studying relevant parameters’ effect on PTOA in FDM processes.

PTOA means an overhang with a lowest angle that can be fabricated without printing

support structures beneath the overhang. Specifically, effects of print temperature,

print speed and cooling fan speed on PTOA are studied. Research on these factors is

necessary as it is a potential way of lowering the PTOA as much as possible by

improving print settings, thus reducing support usage.
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Chapter 3

Investigation of printable threshold

overhang angle (PTOA) in FDM

Besides the support strategies reviewed in Chapter two, another potential way to

reduce support consumption and cost is by setting the printable threshold overhang

angle (PTOA) as small as possible to reduce the support area. PTOA means an

overhang with a lowest angle that can be fabricated without printing support

structures beneath the overhang. In this thesis, the overhang angle (β) is defined as

the angle between the x-y plane and the overhang surface tangent in the x-z (or y-z)

plane (see Figure 3.1). Generally, PTOA is set at 45° in most 3D printers. Some also

take a test first to determine the threshold angle size as it may be different in

different printers and materials [140]. The lower the PTOA is, the less the support

area will be and thus less support consumption. As can be seen from an example in

Figure 3.2, achieving a lower PTOA size can save more support consumption.

However, little research has been carried out to look at getting the lowest PTOA

through adjusting relevant print process parameters. Mertens et al. [167] may be the

first who carried out some research in this field. They optimized the degree of

overhang angle under different parameters in Selective Laser Melting (SLM) by

testing 60°, 45° and 30° under various laser powers. Wang et al. [168] have done

some research on the surface quality of curved overhanging structures manufactured

from 316-L stainless steel by SLM under different laser scanning energy inputs.

However, the works done in the previous two publications both focused on SLM,

rather than extrusion-based AM techniques.



42

Figure 3.1 Definition of overhang angle (β)

Figure 3.2 Example part (a); Generated support examples when PTOA is set at 45° (b) and 30° (c)

In this chapter, theoretical analysis and experimental study are carried out for

understanding the PTOA and studying relevant parameters’ effect on PTOA in

extrusion-based 3D printing processes. Specifically, effects of print temperature,

print speed and cooling fan speed on PTOA are studied. Research on these factors are

necessary to be carried out as it is a potential way to lower the PTOA as much as

possible by improving print settings, thus achieving time- and cost-savings.

3.1 Theoretical analysis

3.1.1 Overhang analysis

Overhang analysis is based on a simplified model as shown in Figure 3.3. i means the

�th layer of an overhang from the bottom to the top. �� means the height (thickness)

of the � th layer being printed. �� represents the width of an overhang part without

support beneath it in the � th layer. Therefore, the force due to gravity �� of part A

(without fixture beneath) in one layer can be calculated as follows:
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�� � th � ��h � � ������ h          � � �
�� � t                                         � � t 3.1

where � is the density of the material (filament), t is the mass of part A, �� means

the depth of the �th layer, � is the volume of part A in the �th layer and �� is the force

due to gravity of part A which has no support beneath it. When an overhang angle �

is given, �� can be calculated step by step as shown below.

�� �
��im
�th�

     � � � 3.2

Substitute Eq.3.2 into Eq.3.1,

�� � th � ��h � � ����
��im
�th�

h    � � � 3.3

where �������h are all known as constant and � is given. Thus, �� can be calculated by

Eq.3.3. According to Eq.3.3, �� will increase as � decreases. This means that lower

overhang angle size may lead to larger deformation caused by gravity.

Figure 3.3 Overhang illustration

3.1.2 Effect of material properties on PTOA size

In FDM processes, the materials used are generally polymers (e.g. ABS, PLA and

PVA). The change of polymer properties along with temperature alternation will
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influence the PTOA. The main influential properties are the loss modulus (G’’) and

storage modulus (G’). Loss modulus is a measure of the energy dissipated as heat in a

viscoelastic material (e.g. polymer) when subjected to deformation, representing an

indirect measure of polymer viscosity [169]. Storage modulus is the information

about the amount of structure present in a material [170]; it means the energy stored

in the elastic structure of the material. If the storage modulus is higher than loss

modulus, the material can be seen as mainly elastic. While, if the loss modulus is

higher than the storage modulus, the material can be regarded as mainly viscous

fluid. Figure 3.4 shows the relationship between storage and loss modulus of a

polymer as temperature increases. As can be seen, before the temperature increases

to Tg (glass transition temperature), storage modulus is much higher than loss

modulus, therefore the material behaves most like an elastic solid. Once the

temperature increases from Tg to Tm (melting temperature), loss modulus drops

significantly and the polymer is more easily deformed. When the temperature is

higher than Tm, both the loss and storage modulus is much smaller than the room

temperature and the loss modulus becomes larger than the storage modulus.

Therefore, the material behaves as a viscous fluid with some elastic characteristics.

Because of the dramatic reduction in mechanical properties above Tm, the time while

polymer is at this temperature is when it is most susceptible to deformation. Also, in

the studies of [171,172], the loss modulus and storage modulus of polymers will both

decrease when temperature increases upon heating, which means less force is

required for deformation when temperature increases [173]. Therefore, the higher

temperature (thus lower loss/storage modulus) may result in more deformation. In

addition, different materials (thus different loss/storage modulus) will also lead to

different deformations.
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Figure 3.4 A general example of storage and loss modulus of a polymer as temperature increases

3.1.3 Effect of process parameters on PTOA size

As analysed above, the loss/storage modulus will change when temperature changes.

Therefore, the following process parameters will influence the temperature, thus the

deformation of overhang.

(a) Print temperature. Print temperature is the temperature set for the print

nozzle. The value of the print temperature set will directly affect the temperature of

the extruded material. Theoretically speaking, higher print temperature will lead to

higher material temperature, lower loss/storage modulus and thus more deformation.

(b) Cooling fan speed. In a printing process, the longer the printed material stays

in lower loss/storage modulus, the more deformation may occur. A cooling fan is for

speeding up the heat transfer process; thus, a larger cooling fan speed can help

reduce the temperature more quickly. Therefore, theoretically speaking, a higher

cooling fan speed can lead to a shorter time in which the extruded material stays in a

lower loss/storage modulus, thus resulting in less deformation.

(c) Print speed. In a printing process, the extruded material will be cooled down

due to heat convection and conduction. However, the print nozzle keeps a high

temperature set during the whole printing process. Therefore, a higher print speed
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makes more material staying at a high temperature as shown in Figure 3.5. Thus

more deformation may occur.

Figure 3.5 Illustration of temperature distribution of printed overhang with a lower print speed (a)
and higher print speed (b)

The exact value of PTOA is affected by print temperature, cooling fan speed, print

speed, different material properties and even different printing machines and

systems. While some of these variables are controlled within the manufacturing

process, they are liable to variation due to the control systems present within the

printer (e.g. temperature fluctuations, vibrations and humidity), with this variation

being potentially significant. A computational approach to analyse PTOA would

therefore have to either consider a Multiphysics model with significant complexity

(and concurrent intensive use of computational power) that is no solvable in a useful

timeframe. Alternatively, the model could be simplified, which risks making the

obtained results not applicable to the specific situation at hand. As this work focuses

on the guidelines of manufacturing parts of different overhang angle and how the

variation of printing parameters influences the surface finish, it will focus on an

experimental approach to the problem. This will look at the relevant printing

parameters on surface quality on one printer, before changing other variables (e.g.

material, printer, location) to see how much of an influence they have.
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3.2 Experimental set-up

A Kossel Delta 3D printer (See Figure 3.6) from Shenzhen Anycubic co., Ltd was used

for carrying out experiments. The build area shape of this printer is circular with

diameter of 180 mm and maximum height of 300 mm. The nozzle diameter used was

0.4 mm. The material used for 3D printing is Polylactic Acid (PLA) with 1.75 mm of

filament diameter and extrusion temperature between 175-220℃.

Figure 3.6 Kossel Delta 3D printer

Before printing, the 3D objects need to be sliced into layers and sent to a printer in

G-code format. Slicer software Cura 15.04 was used for slicing digital models in this

study. The settings of this printer are shown in Table 3.1. The original models are

designed by Solidworks and displayed in Figure 3.7, with the same vertical height of

35 mm and diameter of 10 mm. Based on these settings, the following 4 experimental

tests were set and carried out, respectively.
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 Test 1. Overhang angles of 20°, 30°, 40° and 50° under print temperature of

220℃ were printed according to a print speed of 30 mms-1 and a cooling fan

speed of 255 RPM.

 Test 2. Overhang angles of 30° under print temperatures of 175℃, 190℃,

205℃ and 220℃ were printed according to a print speed of 30 mms-1 and a

cooling fan speed of 255 RPM.

 Test 3. Overhang angles of 30° under cooling fan speeds of 0, 85, 170 and 255

RPM were printed according to a print temperature of 220℃ and a print speed

of 30 mms-1.

 Test 4. Overhang angles of 30° under print speeds of 5, 30, 55 and 80 mms-1

were printed according to a print temperature of 220℃ and a cooling fan

speed of 255 RPM.

Table 3.1 Print parameter settings

Layer height (mm) 0.2

Shell thickness (mm) 0.8

Bottom/top thickness (mm) 1

Fill density (%) 0

Figure 3.7 Original models with angle sizes of 20°, 30°, 40° and 50° (left to right, respectively)
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3.3 Results and analysis

In order to better compare these results, image-based analysis was carried out, as the

program of Figure 3.8 shows. Specifically, each photo of the printed overhang was

analysed by NI vision assistant and Engauge Digitizer 4.1, respectively. To make the

results clearer, contours of printed overhangs in each parameter group were collected

together. In all the following curve graphs, axis X means the theoretical position of

each contour as illustrated in Figure 3.8, and Y means the deformation of each

contour. As can be seen from Figure 3.9, overhangs with larger angles get better

surface quality and less deformation. The largest deformation of 220℃, 20° arrives at

4.0 mm in Figure 3.9, while it is only about 0.6 mm for the group of 220℃, 50°. The

large variation in the overhang of 20° is mainly caused by the deformation when the

temperature is higher than the melting temperature, as analysed in section 3.1. The

mean deformations in different situations are shown in Table 3.2. The results agree

well with the theoretical analysis and this is also the reason why a PTOA is necessary

to be set. All overhang angles lower than PTOA will need support structures.

Figure 3.8 Analysis program of overhangs
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Figure 3.9 Contours of overhangs with 220℃ in different angle sizes

Table 3.2 Mean deformations in different angle sizes

3.3.1 Effect of print temperature on PTOA size

According to the experimental results, the print temperature has an influence on the

deformation of a printed overhang, thus influencing PTOA. Taking angle 30° under

175℃ and 220℃ as an example in Figure 3.10, the finished part of 175℃ is better than

that of 220℃ in terms of the deformation. Figure 3.11 shows this phenomenon much

more clearly with contours of overhangs. In this figure, the largest deformation is

about 1.4 mm in the group of 220℃, 30°, while the largest deformation of the group

of 175℃, 30° is only 0.75 mm. The mean deformations in different situations are

shown in Table 3.3. Theoretically speaking, the lower temperature would be better

Angle size (°) 20 30 40 50

Mean deformation (mm) 1.849 1.151 0.904 0.449
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for achieving lower PTOA as analysed in the theoretical analysis section. However,

the allowed lowest print temperature should be determined by test according to the

requirement of quality as a clog or difficulty of extruding the filament may also occur

if print temperature is too low.

Figure 3.10 Printed parts with 175℃, 30° (bottom) and 220℃, 30° (top) in Delta

Figure 3.11 Contours of overhangs with 30° in different print temperatures

Table 3.3 Mean deformations in different print temperatures

Print temperature (℃) 175 190 205 220

Mean deformation (mm) 0.222 0.473 0.573 1.151
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3.3.2 Effect of cooling fan speed on PTOA size

Cooling fan is used for speeding up the solidification process of printed material.

Therefore, the lower the cooling fan speed means the longer time the printed

filament stays in the state of G’’ > G’, resulting in it being more susceptible to

deformation. The results of printed overhang contours of 30° under cooling fan

speeds of 0, 85, 170 and 255 RPM are shown in Figure 3.12. The mean deformations

in different situations are shown in Table 3.4. As can be seen, the fan speed of 0 RPM

has the largest deformation, followed by the fan speeds of 85, 170 and 255 RPM.

Figure 3.12 Contours of overhangs with 30° in different fan speed

Table 3.4 Mean deformations in different fan speeds

3.3.3 Effect of print speed on PTOA size

As analysed in the theoretical analysis section, higher print speed may lead to larger

deformation. Overhang angles of 30° under print speeds of 5, 30, 55 and 80 mms-1

were printed accordingly with print temperature of 220℃ and fan speed of 255 RPM.

Fan speed (RPM) 0 85 170 255

Mean deformation (mm) 1.224 1.172 1.156 1.151
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The contours of printed overhangs are shown in Figure 3.13. The mean deformations

in different situations are shown in Table 3.5. As can be seen, the deformation

increases slightly as the increase of print speed among 5, 30, 55 and 80 mms-1.

Figure 3.13 Contours of overhangs with 30° in different print speed

Table 3.5 Mean deformations in different print speeds

3.4 Discussion

According to the results of the above experiments, process parameters have an effect

on the deformation of an overhang. For achieving a qualified structure (deformation

within tolerance), the PTOA can be lowered by adjusting process parameters for

saving support materials. Different process parameter combinations can be tried for

achieving a lower PTOA.

Based on these findings, more tests in different process parameter combinations

were conducted for validation. The validation experiment results show that the

lowest PTOA can be achieved at 30° when the print temperature is set at 175℃, print

Print speed (mms-1) 5 30 55 80

Mean deformation (mm) 1.149 1.151 1.301 1.439
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speed at 5 mm/s and cooling fan speed at 255 RPM. The contour of printed overhang

with 175℃, 30°, 170 RPM, 30 mms-1 is shown in Figure 3.14, together with the result

of 205℃, 40°, 170 RPM, 30 mms-1. As can be seen, these two printed overhangs have

almost the same quality. This means that different process parameter combinations

can be adjusted for achieving a lower PTOA in terms of achieving the same quality

(deformation within tolerance). In this case, to print the same product, process

parameters of 175℃, 30°, 170 RPM and 30 mms-1 can save more materials than the

other group as the former has smaller PTOA, thus reducing the usage of support. The

most suitable process parameters for achieving the lowest PTOA in different printers

are probably various. However, the influence trend of each process parameter should

be the same. For achieving the lowest PTOA, tests are still needed in other printers

according to each product’s requirements. Though testing the machine itself is

initially time-consuming, this will save much print time and support material usage,

thus minimizing the cost in the future, especially when printing a large number of

similar parts.

Figure 3.14 Contours of overhangs with 175℃, 30°, 170 RPM, 30 mm/s and 205℃, 40°, 170 RPM, 30
mms-1
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3.5 Further testing in a different printer

For validating the above findings, the same experiments were carried out in a

different FDM machine with materials of PLA and Poly(vinyl alcohol) (PVA). PVA is

a type of water-soluble synthetic polymer and is always used as a support material in

additive manufacturing processes. The reason for testing PLA in a different printer is

to investigate whether the same conclusion can be obtained with the same material,

while the reason for testing PVA is to investigate the effect of material difference on

PTOA. Specifically, a Sindoh FDM printer (Figure 3.15) was used for carrying out

these experiments. The build area size of this printer is 370 x 390 x 450 mm. The

nozzle diameter used was 0.4 mm. The PLA material used for 3D printing is the same

as the previously used one, both from Shenzhen eSun industrial co., Ltd. The

diameter of PVA filament is also 1.75 mm from Shenzhen eSun industrial co., Ltd.

Before printing, the 3D objects were sliced by software 3DWOX which is the specific

slicer for the Sindoh FDM printer from the company. All the other experimental

settings (such as print temperature and speed) and 3D model parts are the same as

previously in Section 3.2.

https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Soluble
https://en.wikipedia.org/wiki/Synthetic_polymer
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Figure 3.15 Sindoh FDM printer

The mean deformations after experiments with PLA material are listed in Table 3.6.

As can be seen from this table, in different printers, the results are different when the

process parameters and even materials are the same. This is mainly because of a

different machine and printing system. For example, the Sindoh FDM printer has a

closed chamber for fabrication, which may lead to a slower heat convection process.

However, the influences of different process parameters are similar. The deformation

of overhang will decrease with the increase of angle size and cooling fan speed and

with the decrease of print temperature and print speed.
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Table 3.6 Mean deformations (mm) in different tests with PLA material

AS = 20° AS = 30° AS = 40° AS = 50°

PT = 220℃; CFS = 255 RPM; PS = 30 mms-1 1.727 1.102 0.883 0.426

PT = PT = 190℃ PT PT =220℃

AS = 30°; CFS = 255 RPM; PS = 30 mms-1 0.218 0.429 0.524 1.102

CFS = 0
RPM

CFS = 85
RPM

CFS = 170
RPM

CFS = 255
RPM

AS = 30°; PT = 220℃; PS = 30 mms-1 1.168 1.161 1.129 1.102

PS = 5
mms-1

PS = 30
mms-1

PS = 55
mms-1

PS = 80
mms-1

AS = 30°; PT = 220℃; CFS = 255 RPM 1.098 1.102 1.285 1.415

*PT = print temperature; PS = print speed; CFS = cooling fan speed; AS = angle size.

When testing the PVA material in this printer, all parts with angle sizes of 20°, 30°

and 40° were unable to be printed as shown in Figure 3.16. The reason of this may be

as follows: the loss/storage modulus of PVA is much lower than PLA as shown in the

literature [174,175]; and the melting temperature of PLA (164.9℃) is higher than

PVA (161.5℃) used in this study. Therefore, for testing the effect of process

parameters with this PVA material, all other experiments were carried out with

overhang angle size of 50° instead. The mean deformations after experiments with

PVA material are listed in Table 3.7. As can be seen from this table, for PVA material,

the deformation of overhang will also decrease with the increase of cooling fan speed

and with the decrease of print temperature and print speed.

Figure 3.16 Examples of failed parts with PVA material
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Table 3.7 Mean deformations (mm) in different tests with PVA material

AS = 20° AS = 30° AS = 40° AS = 50°

PT = 220℃; CFS = 255 RPM; PS = 30 mms-1 Failed Failed Failed 0.831

PT = PT = 190℃ PT PT =220℃

AS = 50°; CFS = 255 RPM; PS = 30 mms-1 0.755 0.792 0.811 0.831

CFS = 0
RPM

CFS = 85
RPM

CFS = 170
RPM

CFS = 255
RPM

AS = 50°; PT = 220℃; PS = 30 mms-1 1.032 0.965 0.899 0.831

PS = 5
mms-1

PS = 30
mms-1

PS = 55
mms-1

PS = 80
mms-1

AS = 50°; PT = 220℃; CFS = 255 RPM 0.799 0.831 0.901 1.102

*PT = print temperature; PS = print speed; CFS = cooling fan speed; AS = angle size.

3.6 Summary

This chapter investigates the process parameters’ effects on PTOA for increasing the

threshold printable overhang angle size, thus reducing the area that needs supports

beneath. According to the results, different process parameters can influence the

PTOA. Furthermore, different materials and printers may also result in different

PTOA sizes. For achieving the lowest PTOA in different situations, tests should be

carried out before fabricating the final products. Currently, most printers just use 45°

as the PTOA size. However, the PTOA size can be reduced greatly through adjusting

process parameters. The findings in this chapter will be used in Chapter 5 for seeking

the lowest PTOA which is then integrated into the support generation process.
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Chapter 4

Investigation of printable bridge length

(PBL) in FDM

Printable bridge length (PBL) is the length of a bridge structure that can be

fabricated without any support beneath it in AM processes. For example, on the

premise of ensuring a satisfied quality, a bridge may be printed without using any

support beneath it (see Figure 4.1(a)), or maybe at least two support points (see

Figure 4.1(b)), or maybe three points (see Figure 4.1(c)). The number of the required

supporting points depends on the longest distance a 3D printer can print, which is

affected by various process parameters. The longest distance with satisfied quality is

called PBL.

Figure 4.1 Concepts of support point and PBL (green struts are support structures); (a) Bridge does
not need support for getting qualified result; (b) Bridge needs two support points; (c) Bridge needs
three support points.

In this chapter, the effects of process parameters (including print speed, cooling fan

speed and print temperature) on PBL are investigated in FDM processes. The

orthogonal method is employed for designing 32 tests of experiments with different

process parameters. Subsequently, a back propagation neural network (BPNN) is

trained based on that set of experimental sample data to establish the nonlinear

relationship between PBL and process parameters. After that, process parameters are
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optimized for achieving the longest printable distance, which means the longest

bridge a 3D printer can print (with satisfied finish surface quality) without using any

additional support structure (see Figure 4.1(a)). The feature and results of the longest

PBL can be integrated into support generating processes, thus minimizing support

usage and production cost in future printing processes. Finally, two case studies are

carried out.

4.1 Physical analysis

4.1.1 Physical model consideration

According to the study of Lu et al. [176], when the printed filament spans more than

a critical distance (bridge length), the filament deforms and sagging results, as shown

in Figure 4.2. This behaviour will prevent printing the designed/expected structures.

The distance between the filament centre and the horizontal (deviation δz) can be

calculated as follows [176]:

�� �
�.4t4m�4�
�.9438���' 4.1

where M′ is elastic modulus of the material; D is filament diameter; ρ is the density

of the material and L is the length of the bridge. The value of PBL can be calculated

based on this equation. For investigating the accuracy of this equation, some

preliminary experiments were conducted. Based on the experimental settings and

materials, the following values from the material provider are used: � � mm84�h�t3

and D = 0.4 mm. The elastic modulus is used as 2000 Pa from the literature

[177,178]. After calculation, the relationship between δz and L is shown as the curve

in Figure 4.3. The real measured δz values after experiments in different bridge

lengths are shown with red points in Figure 4.3. As can be seen from this figure, the

calculated results based on this equation are quite different from the experimental
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results. At low bridge lengths, it under-predicts the value of δz, while at higher

lengths, it over-predicts the value. The reasons for this may be that: 1) the 3D printer

is not an ideal system and the conditions may change sometimes, while the model is

based on ideal boundary conditions; 2) the model of this equation does not consider

the effect of process parameters on printable bridge length. In fact, the heat transfer

and other situations will change if the process parameters (print temperature,

cooling fan speed, print speed, etc.) change. During an AM process, these process

parameters may influence PBL. Some works have been carried out for achieving the

longest PBL from a design perspective [179,180]. It is very complex to predict the

PBL based on a physical model considering all these parameters and professional

equipment is required to measure the corresponding convection coefficients and

other values. Given these situations, in this chapter, BPNN is used instead to

establish the nonlinear relationship between PBL and process parameters as BPNN

uses less time.

Figure 4.2 Filament deformation and bending (deviation δz)
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Figure 4.3 Relationship of δz/L and the real measured δz values in some bridge lengths under various
print process parameters

4.1.2 Effect of print speed on PBL

Print speed is an important factor that can influence PBL. Imaging a printing process

as shown in Figure 4.4. Once the print speed i.e., the moving speed of the nozzle is

low enough, the extruded material (that beneath the nozzle) is supposed to have

enough time to be solidified before the nozzle moves to next point of printing. The

higher the print speed is, the more the melted material is out of the nozzle within a

unit time and the more time it takes to solidify the melted material, resulting in

larger collapse/deformation. In this case, theoretically speaking, PBL could be in any

length once the print speed is low enough. However, the printed material may still be

in molten phase even the print speed is zero, because the print nozzle keeps at a high

temperature and there must exist heat transfer between the nozzle and the printed

material. Therefore, in a real printing process, PBL has a threshold influenced by

print speed. The exact relationship between PBL and print speed will be studied by

experiments and BPNN in the following sub-sections.
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Figure 4.4 Illustration of effects of process parameters

4.1.3 Effect of cooling fan speed on PBL

Cooling fan speed is closely related to the solidification speed of printed material and

thus is another important factor of PBL. As can be seen in Figure 4.4, when the

cooling fan speed becomes higher, the time for printed material to become solid will

be less, leading to smaller deformation. Theoretically speaking, the faster the

solidification speed is, the longer the PBL could be. In a printing process, cooling fan

speed, environmental temperature and humidity will all have influences on the

solidification process. Among these factors, cooling fan speed is the only factor that

can be adjusted systematically. The exact relationship between PBL and the cooling

fan speed will be studied by experiments and BPNN in the following sections.

4.1.4 Effect of print temperature on PBL

Print temperature is also a significant factor. In this study, print temperature is seen

to be the same as the temperature inside the print nozzle (chamber) during a

printing process. A higher print temperature means higher temperature of melted

material, resulting in longer time for a printed material to become solid, which may

lead to larger deformation. The exact relationship between PBL and print

temperature will be studied by experiments and BPNN in the following sections.
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As analysed above, PBL can be theoretically influenced by print speed, print

temperature and cooling fan speed. As shown in the literature, the printed

strength/solidity/quality can also be influenced by all the process parameters

[181,182]. For satisfying the requirements of a product, the process parameters have

to be certain in a range. For example, if the strength of a product is required to be

high enough, the print temperature needs to be higher than some threshold. In this

case, what is the longest PBL for saving material, production time and cost? BPNN

will be trained and used for predicting the longest PBL and providing an optimal

process parameter combination. Once the process parameters of a fabrication

process are set as required, the longest PBL will be able to be predicted and can be

integrated into a slicing software for generating less support, reducing production

time and prime cost.

4.2 Experimental study

The equipment used for manufacturing parts is a Kossel Delta 3D printer. The effects

of print temperature, print speed and cooling fan speed on PBL were tested by using

this printer. The build area shape is circular with diameter of 180 mm and maximum

height of 300 mm. The nozzle diameter of this equipment is 0.4 mm. The material

used for fabrication is Polylactic Acid (PLA) with filament diameter of 1.75 mm and

printing temperature between 175 ℃-220 ℃.

4.2.1 Bridge design

The objective of this research is to achieve the longest PBL under an optimal process

parameter combination. Hence, bridges with lengths of 1, 2, 3, 4, 5 and 6 mm were

designed using the commercial CAD software Solidworks to observe their

corresponding deformations. 2D and 3D views of the designed bridge part are

displayed in Figure 4.5 with dimensions. In order to use the characteristics of the
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longest PBL for reducing support waste in the future, the print path pattern has to be

as shown in Figure 4.6. Print path in this pattern can achieve the longest print

distance without any support, based on the longest PBL. This is because of the

printing nature of 3D printing. As shown in Figure 4.6(c), if the print path is

longitudinal pattern rather than transverse, there will be no support points beneath

the ends of each print path which will lead to collapse because of the layer by layer

nature of AM [183–185].

Figure 4.5 (a) 2D view of bridge (Unit: mm); (b) 3D view of bridge

Figure 4.6 (a) Front view of print path; (b) Top view of print path pattern; (c) No support points
beneath the ends of each print path, this is unprintable
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4.2.2 Design of experiments (DOE)

The design of experiments (DOE) is a tool to obtain experimental information by

using statistical methods. The principles of DOE include randomization, blocking,

replication and orthogonality. Based on those principles, factorial experimental

design has been proposed to obtain extensive information from only a few sets of

experiments compared with the one factor at a time method (OFAT). As a branch of

factorial experimental design, the orthogonal design has been extensively used in

various fields as a kind of multi-level, high-efficiency and economical test method

[186]. In the orthogonal design, the effect of many factors and some of their

interactions can be studied simultaneously in a single set of experiments with much

fewer experiment units. An orthogonal analysis (OA) needs to be chosen in the first

place. In this study, the OA of L32 was chosen because it can be used to study four

factors (bridge length, print speed, print temperature and cooling fan speed), among

them, bridge length has six levels and every remaining factor has four levels.

The L32 OA with four columns and 32 experimental runs is shown in Table 4.1 with

the same other process parameters (0.2 mm of layer height, 0.8 mm of shell

thickness, 1mm of bottom/top thickness and 20% of fill density). Slicer software

Cura 15.04 was used for slicing digital models.
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Table 4.1 Orthogonal design matrix

Runs Bridge length

(mm)

Print Speed

(mm/s)

Print Temperature (℃) Cooling Fan Speed

(RPM)

1 1 65 205 0
2 1 35 205 85
3 1 5 220 0
4 1 65 190 170
5 1 5 175 170
6 1 95 220 85
7 1 35 190 255
8 1 95 175 255
9 2 35 175 85
10 2 5 205 170
11 2 65 175 0
12 2 95 205 255
13 2 65 220 170
14 2 5 190 0
15 2 95 190 85
16 2 35 220 255
17 3 65 175 255
18 3 35 220 0
19 3 5 205 85
20 3 95 190 170
21 4 95 220 170
22 4 65 205 255
23 4 35 190 0
24 4 5 175 85
25 5 95 205 0
26 5 65 220 85
27 5 5 190 255
28 5 35 175 170
29 6 35 205 170
30 6 95 175 0
31 6 65 190 85
32 6 5 220 255

4.3 Results

After obtaining the printed parts, image-based analysis was carried out, as the

procedure shown in Figure 4.7(a). Specifically, each photo of the printed geometry

was analysed by NI vision assistant in conjunction with Engauge Digitizer. In the
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analysis process, only the largest deformation under each condition was measured

based on the bottom contour as shown in Figure 4.7(b). The reason of taking the

largest deformation for comparison is that the quality of a product is determined by

the largest deformation which should be within tolerance. All these 32 experiments

were carried out 5 times repeatedly. For each experiment, the average value of five

runs under the same condition is chosen as the final data in avoid of random error.

The corresponding results are shown in Table 4.2.

(a) (b)

Figure 4.7 (a) Analysis program of bridges; (b) Definition of largest deformation in these bridges

Table 4.2 Results of largest deformations in different runs

Runs 1 2 3 4 5 6 7 8
Largest deformation (mm) 0.142 0.111 0.113 0.109 0.065 0.154 0.078 0.106
Runs 9 10 11 12 13 14 15 16
Largest deformation (mm) 0.192 0.160 0.253 0.243 0.247 0.196 0.279 0.186
Runs 17 18 19 20 21 22 23 24
Largest deformation (mm) 0.353 0.524 0.371 0.506 1.415 1.033 1.160 0.778
Runs 25 26 27 28 29 30 31 32
Largest deformation (mm) 2.127 1.817 0.797 1.107 1.307 1.927 1.617 0.997
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4.4 Back Propagation Neural Network for predicting PBL and

analysis

Relationships between PBL and various process parameters are uncertain and may

involve nonlinearities. The fitting quality of the conventional polynomial regression

method strongly depends on the selection of polynomial form which often requires a

quite good precognition of the relationships between input and output parameters.

An artificial neural network (ANN) is a computational model based on the

biologically inspired structure and functions. ANNs are well-known powerful tools

for prediction of nonlinearities and have wide applications in various areas such as

pattern recognition, system identification, nonlinear function fitting and intelligent

control. The back-propagation (BP) model is applied widely because of its simplicity

and robustness [187–189]. In the field of AM, Noriega et al. [190] investigated

dimensional accuracy improvement of FDM square cross-section parts using ANN.

For enhancing surface roughness of FDM parts, Vahabli and Rahmati [191,192] used

a neural network to predict the surface quality of printed parts. Chowdhury et al.

[193] tried to adopt a neural network to make appropriate geometric modifications in

AM processes for improving printed surface quality. Chowdhury and Anand [194]

also did some research on thermal deformation in AM processes via ANN. In

addition, the effects of process parameters on creep and recovery behaviour of FDM

manufactured parts were studied by Mohamed et al. [195], based on ANN. In this

chapter, neural network will also be applied for studying process parameters’ effects

on PBL and predicting the longest PBL.

4.4.1 Back Propagation Neural Network structure

The structure of a general Back Propagation Neural Network (BPNN) is shown in

Figure 4.8, including three layers: input layer, hidden layer and output layer. The
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input neurons are indirectly connected to the output neurons through hidden

neurons. The connection between two neurons has a weight property to represent the

relation degree. The establishment of a BPNN model includes determining the

number of input and output neurons, selecting the number of neurons to be used in

hidden layer and determining weight values of connections. There are many different

algorithms for training neural networks. The BP algorithm is currently the most

widely used one. The mechanism of BP algorithm can be briefly described as follows.

At the first stage, the inputs propagate forward and the output is generated. At the

second stage, the error between the generated and actual outputs is calculated and

backward propagated to the input layer, then the weights on connections are

accordingly changed to reduce the error. This process of adjusting the connection

weights is repeatedly performed until the resulting network fits the training data well;

i.e., errors between the predicted and actual outputs are sufficiently small.

Figure 4.8 Structure of a general BP neural network

4.4.2 Establishment of BPNN model

The implementation of a BPNN model consists of selecting the number of neurons in

the input and output layers, determining the number of neurons in the hidden layer

and determining the weight values of connections. The number of input neurons is 4
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and the corresponding inputs are print speed, cooling fan speed, print temperature

and bridge length. There is only one output neuron which corresponds to

deformation of the bridge bottom in different situations. Though there is no method

to accurately calculate the optimal number of hidden layer neurons, based on

experience, the following formula can be referred in designing.

h m n a   4.2

in which h is the number of hidden layer neurons, m is the number of input layer

neurons, n is the number of output layer neurons, a is the constant between 1 to 10.

To achieve best fitting performance, a is varied to minimize the forecast error.

The weight values of connections are ceaselessly adjusted during the process of

training until the prediction errors are reduced below a certain threshold. The

training samples are selected by using the orthogonal experimental design method

which features uniform dispersion and neat comparison. The sample value ranges

are listed in Table 4.3.

Table 4.3 Sample value ranges

Factors Parameters Range
1 Bridge length (mm) 1~6
2 Print Speed (mm/s) 5~95
3 Print Temperature (℃) 175~220
4 Cooling Fan Speed (RPM) 0~255

The training sample data has been given out in the previous section. In order to

ensure the convergence, the sample data is normalized with a formula as follows:
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where, ix and iy are the original and the normalized data of the i-th input,

respectively;  max ix and  m in ix are the maximum and minimum in the sample of the

i-th input, respectively. After the normalization process, the data is re-ranged

between 0 and 1.

4.4.3 Performance evaluation

The Neural Network Training toolbox built in the commercial software Matlab is

used for developing the neural network. The Bayesian Regularization algorithm is

selected as the learning method, because of its robustness. Figure 4.9(a) shows the

mean squared error (MSE) during the training process. It can be seen that after 54

iterations the value of MSE reaches minimum and remains almost constant. Figure

4.9(b) demonstrates the prediction performance by comparing the targeted actual

outputs and the predicted outputs. It can be concluded that the developed BPNN

model shows a high accuracy for predicting the relationships between the input and

the output parameters.

(a) (b)

Figure 4.9 (a) Mean squared error during the training process; (b) Prediction performance
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4.4.4 Factor analysis

Based on the trained BPNN model, effects of the four input parameters on the output,

i.e., deformation, are investigated. For the given two parameters and by varying the

other two parameters, Figure 4.10 shows the variations of the largest deformations.

Constant values are selected for factor analysis as follows: bridge length is set at 2

mm; print speed at 30 mm/s; print temperature at 205 ℃ and cooling fan speed at

255 RPM.

From Figure 4.10(a), (d) and (c), it can be seen that the largest deformation increases

as the increase of print speed. This is because the higher the print speed is, the more

the melted material is out of the nozzle and there is less time for the melted material

to solidify, resulting in a larger deformation. As can be seen from Figure 4.10(a), (b)

and (c), the largest deformation increases significantly with the increase of the bridge

length. The main purpose of this research is to predict the largest PBL under certain

conditions i.e., for given process parameters. From Figure 4.10(b), (d) and (f), it is

noted that with the increase of print temperature, the largest deformation increases.

As illustrated in the section of physical analysis, the increase of print temperature

leads to the increase of time required for the melted material to be solidified.

Therefore, if all other process parameters are kept the same, a larger deformation

will be formed as print temperature increases. From Figure 4.10(c), (e) and (f), it is

noted that, with the increase of cooling fan speed, the largest deformation decreases.

The fan is used to cool the melted material and fasten its solidification speed.

Reasonably, the higher the cooling fan speed is, the faster the melted material

solidifies, resulting in a smaller deformation.
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(a) (b) (c)

(d) (e) (f)

Figure 4.10 Variations of the largest deformations in different conditions

However, it is noteworthy that in some regions of some figures, the relationships

between the input and the output parameters do not absolutely follow the tendencies

as concluded above. For example, in Figure 4.10(d), when the print temperature is

low, with the increase of print speed, the deformation first increases (as expected)

then decreases, against our prediction. In Figure 4.10(f), when the cooling fan speed

is low, with the increase of print temperature, the deformation does not

monotonously increase, as predicted. However, these errors only rarely occur when

the bridge length is small. The bridge length for both cases in Figure 4.10(d) and (f)

is 2 mm. The reason of the prediction error is mainly due to the initial measurement

errors. When the bridge length is small, the deformation itself is comparatively very

small regardless of other process parameters. Thus the variations between those

deformations of bridges may be too small to be accurately predicted by BPNN, as

compared with the counterparts with large bridge lengths. While considering the aim
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of this research is to predict the longest PBL rather than focusing on the small bridge

lengths, plus the robustness of the prediction ability of this trained BPNN model

within the region of our interest, the BPNN is reasonably acceptable for being used to

predict the longest PBL.

Overall, the effects of process parameters on the largest deformation are in good

accord with physical explanations. This also indicates that the developed BPNN

model can well predict the relationships between the process parameters and the

largest deformation of printed bridges. To further intuitively verify the above

predictions of the relationships between the input and output parameters, several

comparative experiments were carried out. The predicted effects of the four

parameters on the largest deformation of printed bridges are confirmed, as shown in

Figure 4.11. Figure 4.11(g) compares the actual and predicted largest deformations of

these samples. It can be observed that the deformation trend predicted from the

ANN model matches the actual result: with the increase of the bridge length, the

bridge is more prone to deform. Both the actual and predicted results show that the

overall deformation of sample (a) is the smallest. This is because that the print speed

for sample (a) is the lowest. Recalling that the print speed has a significant effect on

the printed quality: with the increase of the print speed, the bridge is more easily to

deform, this result is physically expectable. Coincidently but also as expected, both

the actual and predicted results show that the overall deformation of sample (e) is

the largest. This may be explained by the highest print temperature for sample (e).

However, one can observe some deviations in Figure 4.11 (g). For example, for

sample (c), according to the prediction from the ANN model, with the increase of the

bridge length the deformation should monotonously increases. Whereas, the actual

result is that the deformation first increases then decreases (which can also be
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macroscopically observed in Figure 4.11 (c). Unfortunately, the reasonable physical

explanation is not found for the abnormal case. It is speculated that this may be

related to the reliability of the machine used in the research. Besides that, one can

note that for sample (e), the prediction error is significant, especially when the bridge

length becomes larger than 5 mm. The explanation for the generation of this

significant prediction error is that for sample (e) (Figure 4.11(e)), when the bridge

length is larger than 5 mm, the deformation becomes extremely large and already

exceeds the largest deformation of the training samples. It implies that this sample is

beyond the cognition scope of the developed ANN model. Therefore, the developed

ANN model fails to provide an accurate prediction for sample (e). Overall speaking,

the developed ANN model shows a good prediction ability.

(g)

Figure 4.11 Samples printed in different conditions; (a) Part printed in print speed of 5 mm/s, cooling
fan speed of 250 RPM, print temperature of 190 ℃ ; (b) Part printed in print speed of 95 mm/s,
cooling fan speed of 250 RPM, print temperature of 190 ℃; (c) Part printed in cooling fan speed of 0
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RPM, print speed of 35 mm/s, print temperature of 190 ℃ ; (d) Part printed in cooling fan speed of
250 RPM, print speed of 35 mm/s, print temperature of 190 ℃; (e) Part printed in print temperature
of 220 ℃ , cooling fan speed of 250 RPM, print speed of 35 mm/s; (f) Part printed in print
temperature of 175 ℃ ,cooling fan speed of 250 RPM, print speed of 35 mm/s. (g) Largest
deformations of the samples shown in (a)-(f) and their corresponding predictions from the developed
ANN model

4.5 Conceptual framework for practical applications

As illustrated above, BPNN is able to correctly predict the longest PBL which can

then be integrated into support generation process in additive manufacturing

processes for maximizing the distance between support points and subsequently

minimizing the support usage. In the future, once the requirements of process

parameters are available, BPNN can then be used to get the longest PBL for

generating supports before fabricating a targeted object. The framework for reducing

support consumption based on process parameter requirements and BPNN is shown

in Figure 4.12.
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Figure 4.12 Framework of using BPNN for reducing support waste in additive manufacturing
processes

Figure 4.13 shows some examples printed with very clear bridge structures for clearly

demonstrating deformation results, according to the longest PBL predicted by BPNN.

The process parameters required are as follows: print temperature of 190 ℃ , print

speed of 30 mm/s and cooling fan speed of 255 RPM. The largest deformation within

tolerance is set as 0.2 mm. Based on the above requirements, the longest PBL

predicted by BPNN is 2.8 mm. For ensuring the printed quality, 80% of the predicted

length (i.e. 2.2 mm) of PBL is designed in all the parts having bridge features in

Figure 4.13. All the bridge deformations are less than 0.2mm, with satisfied finishes

after printing.
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Figure 4.13 Printed “UOA” and pane parts with satisfied bridge deformations

4.6 Practical applications

In this subsection, a support generation method based on the longest PBL

perpendicular to the print path is introduced, aimed at reducing support material

consumption in AM.

4.6.1 Support generation method based on PBL

After knowing the longest PBL through BPNN in previous study, the longest PBL can

be accordingly integrated into the support generation process for reducing support

material usage. For example, Figure 4.14 shows a concept of generating support for a

rectangular part based on the longest PBL when the print path direction is as shown

in this figure. First, detect the bottom of the flat features in the 3D models and obtain

the contour. Second, generate support of level 1 based on the longest PBL

perpendicular to the print path direction. Lastly, generate support of level 2 by using

the longest PBL distance for support of level 1. This means the volume of support

consumption will be changed when the print path direction is altered.
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Figure 4.14 Procedure of proposed support generation method by considering the longest PBL

For a specific layer, the areas to be filled can be achieved through many ways

according to different purposes. The team of Jin has done much research with the

aim of reducing the material usage or improving the final quality by improving path

planning [196–198]. Generally, most 3D printing processes use two patterns for

generating print path. One is the direction-parallel method, another is the contour

method, as shown in Figure 4.15. In this study, only the direction-parallel path is

suitable and can be used for applying the longest PBL for generating support

structures. Therefore, the path planning in this study is based on direction-parallel

path in different rotations as shown in Figure 4.15. As can be imagined, the support

usage may change when the print path direction changes.
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Figure 4.15 Two general path patterns (Start point and end point can be changed) and different print
path strategies in direction-parallel method

Based on these backgrounds, our support generation method based on the longest

PBL can be divided into seven steps. The illustrations of these seven steps are using

an example part shown in Figure 4.16.

Step 1: Input 3D model and set the longest PBL � � according to PBL test

experiments.

Step 2: Obtain the flat features which need support in 3D models, mark these areas

as Area(support).

Step 3: Put the obtained flat area in a Cartesian coordinate system and set print

path direction angle as θ. θ is defined as the angle size between the print path and x

axis in this Cartesian coordinate system as shown in step 3 of Figure 4.16.

Step 4: For ensuring the printed quality, all contour needs to have support

underneath it except when the contour is parallel to the print path. Calculate the total

area between the contour (except when it is parallel to the print path) and its
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projection contour on its corresponding bottom surface as shown in step 4 of Figure

4.16. The total area can be calculated as follows,

1 2( ) ( )
C C

B B

x x

x x

S f x dx f x dx   4.4

where 1( )f x is the contour of Area(support) expanded in y-z plane, while 2 ( )f x is its

corresponding projected contour on the bottom surface expanded in y-z plane, as

shown in step 4 of Figure 4.16. Thus, the support volume for supporting contour

( contourV ) can be obtained as:

contour nozzleV SD 4.5

where nozzleD is the nozzle diameter which is the smallest printable width in a 3D

printing process.

Step 5: Calculate the support volume for supporting the inside area.

Find the most left (A) and right (D) points on the outside contour of flat area when

providing the print path as horizontal. Start from A, draw lines ( 1 2 3, , ...... nl l l l )

perpendicular to print path every t distance until the distance between the point D

and nl is equal to or less than t. Analyse each line for calculating support volume.

Taking nl as an example, nl can also be divided to nl
t

  printable bridges. Thus, there

need be nm
l
t

    support struts of level 2 underneath nl . The length of each strut of

level 2 is marked as nmh . Hence, the total volume of support for supporting interior

Area(support) can be obtained:



83

2 2

int
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( ) ( )

2 2

n m n
nozzle nozzle

erior nm n
D DV h l                    

  4.6

Step 6: Based on the above analysis, the total volume of support needed when the

print path direction angle is set at θ can be calculated as:

intcontour eriorV V V  4.7

Step 7: Change the size of θ (0 °≤ θ＜ 180 °), obtain the lowest V and get the

corresponding optimal print path direction op tim a l .
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Figure 4.16 Procedure for obtaining the total usage of support in different print path directions
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The algorithm for finding the best print path direction which consumes the least

support is shown in Figure 4.17. The value of sum in this algorithm can be set at any

value as long as it is large enough. After obtaining the optimal print path direction,

this print path can be integrated into slicer, thus generating corresponding support

based on our method for saving more material.

Figure 4.17 Flowchart of seeking the optimal print path direction

4.6.2 Demonstration and discussion

To verify the proposed support generation method, two part models were tested on a

Kossel Delta 3D printer. The build area shape of this Delta 3D printer is circular with

a maximum width of 180 mm, a maximum depth of 180 mm and a maximum height

of 300 mm. The nozzle diameter of this printer is 0.4 mm. Polylactic Acid (PLA) was

used for printing these two parts. The 3D views and dimensions of these two parts

are shown in Figure 4.18.
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Figure 4.18 Dimensions of tested two parts (Unit: mm)

Based on the results of the longest PBL from BPNN, the longest PBL can be achieved

at 2.0 mm when setting the deformation tolerance within 0.15 mm with the following

process parameters: print temperature of 190 ℃, print speed of 20 mm/s and cooling

fan speed of 250 RPM (providing these process parameters are required for some

product with satisfactory quality). Therefore, t can be set at 2 in the algorithm shown

in Figure 4.17 and the corresponding dimensions can be set as shown in Figure 4.18.

The results show that the lowest volume of support usage is when setting print path

as shown in Figure 4.19. Figure 4.19 also shows the generated supports and the

corresponding optimal print path strategies with some sliced layers.
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Figure 4.19 Generated supports and corresponding optimal print path strategies

For comparison, another two support methods provided by slicer software Cura

15.04 were also used for fabricating the same parts. The results of these three

support methods are shown in Figure 4.20. As can be seen, our new support

generation method only consumes 0.4g support material for the “T” part, while line

and grid support methods spend 2.1g and 2.3g respectively. For the “step cylinder”

part, our support method can save 3 times as much support material as general

support methods. In addition, it is easier to remove the support with our method

than with line and grid methods. In terms of the surface quality after removing the

supports, all these three methods leave minor marks on the supported surface.

However, our method leaves the least mark area on the surface as our method is

based on the longest PBL and has the smallest contact area. This may help reduce the

effort on post-processing and it is easier to be dealt with. The average surface

roughness (Ra) has been measured in different support methods by SURFTEST SJ-

210 which is a surface roughness measuring tester from Mitutoyo Corporation [199].
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As can be seen from Figure 4.20, our support strategy has the lowest surface

roughness due to the least contact area.

(a)

(b)

Figure 4.20 Printed “T” parts (a) & “step cylinder” parts (b) by different support methods and
corresponding support consumption and Ra
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Chapter 5

Proposed new support generation method

As demonstrated in Chapter 4, the support generation method based on the longest

printable bridge length (LPBL) can save more support materials and reduce

deterioration on the finished surface. However, that support method can only be

used for flat features of products. In this chapter, a new support generation method

that considers both LPBL and PTOA is proposed. This new support method can be

used in any part with any feature and can also be used for infill structures for a part

without significant mechanical requirements. In this chapter, both interior and

exterior support structures are considered for minimizing support consumption. If a

part requires significant mechanical requirements, this method can be used for

exterior support only.

5.1 Effect of PTOA and LPBL on support consumption

Generally speaking, each layer has to have another layer beneath it for supporting its

printability due to the layer-by-layer nature of 3D printing. However, due to the

internal force and material properties, overhangs sometimes can also be fabricated

without support layers when the overhang angle is larger than some threshold. PTOA

means an overhang with the lowest angle that can be fabricated without adding

support during the deposition process. In this thesis, the overhang angle (β) is

defined as the angle between the x-y plane and the overhang surface tangent in the x-

z (or y-z) plane (see Figure 3.1). Generally, PTOA is set at 45° in most printers. Some

also take a test first to determine the angle size as it may be different according to

printers and materials [167,168,200][140,167,168]. Also, print process parameters

are influential to PTOA according to our previous research as shown in Chapter 3
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[137]. Figure 5.1 shows some printed overhangs in different angle sizes with the

smallest printable size (the cross-section in the x-y plane is a square of 0.8×0.8 mm).

As the aim of PTOA test in this study is for support, the surface quality of the printed

overhang pillars is not the focus, once the overhang pillar in the smallest printable

size is able to be self-supported, the corresponding overhang angle size is the PTOA.

In this chapter, the characteristics of PTOA are fully considered for minimizing

support usage.

Figure 5.1 Printed overhangs in different overhang angle sizes

Figure 5.2 shows a simple example on the optimization of a cylinder. The solid part is

shelled and hollowed firstly based on the requirement of the wall thickness. The

general inner infill is the whole interior of the cylinder which is filled with relatively

sparse structures without any optimization as shown in Figure 5.2(a). By contrast,

the inner volume to be filled can be optimized by modifying its inner topology by

fully considering PTOA as shown in Figure 5.2(b). It should be noticed that the

inclination angle of the generated internal surface cannot go beyond the PTOA. As

can be seen from Figure 5.2, the fabrication of modified part can save some materials

to be consumed for the same object. With the modified internal topology, the part

itself can be fabricated smoothly without any other additional structures in the

internal space due to the consideration of PTOA. This strategy can also be used for

exterior support generation.



91

Figure 5.2 (a) general inner infill; (b) optimized infill considering PTOA

LPBL means the bridge of longest length a 3D printer can print (with satisfactory

dimensional tolerance and surface finish) without support structure underneath it.

The details of LPBL’s effect on support consumptions are illustrated previously in

Chapter 4.

5.2 Generating supports based on the LPBL and PTOA

Based on the previous knowledge, a new support generation strategy fully taking

advantage of LPBL and PTOA is proposed in the following five steps. The illustration

of these five steps are using an example part shown in Figure 5.3. For easier

visualisation of the interior support, all the front faces of parts in the figures have

been made transparent.

Step 1: Set print orientation as shown in step 1 of Figure 5.3.

Step 2: Set print path strategy as shown in step 2 of Figure 5.3.

Step 3: Detect areas that need support after shelling and hollowing the part based

on wall thickness requirement. All overhang features will need support when the

overhang angle is lower than PTOA. Mark these areas as Area(support).

Step 4: Support generation by fully considering PTOA and LPBL.



92

In this step, support will be generated based on the longest LPBL and PTOA as

shown in step 4 of Figure 5.3. First, generate the support of level 1 (green struts in

this figure) on Area(support) based on PTOA. Second, generate support of level 2

(red struts) based on the longest LPBL according to the corresponding print path

direction. The created support of level 2 should be perpendicular to the print path for

assisting support of level 1. Set LPBL as t. Then, the rule for generating support of

level 2 is creating struts every t distance until the distance between the last strut and

the end point is equal or less than t. For area A in step 4 of Figure 5.3, the rule for

choosing 1d or 2d for support is based on the “shortest” criterion. After obtaining the

point where 1 2d d , all the left area will use wall-based struts based on PTOA while

all the right area will use struts perpendicular to 0l with the aim of consuming the

least material. As PTOA is generally less than 45° which makes all the red struts

perpendicular to 0l have the overhang angle size larger than 45°. This means all the

red struts can be self-supported while having the shortest strut length when they are

perpendicular to 0l . For area B in step 4 of Figure 5.3, the rule for generating support

is also based on the “shortest” criterion by fully considering PTOA and LPBL.

Step 5: Generate final supports.
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Figure 5.3 Procedure of generating support based on LPBL and PTOA

5.3 Process planning for further reducing support usage

After knowing the procedure of generating support based on LPBL and PTOA,

process planning is necessary to be conducted for further reducing the support usage,

as different print path strategies and print orientations will make a great

contribution. The effects of process planning on support consumption will be

illustrated in this section.
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5.3.1 Effect of print path strategy

Print path is a significant factor of support consumption as the supports based on

LPBL have to be perpendicular to the print path for fully taking advantage of LPBL.

Figure 5.4 shows some generated supports in different print path strategies.

Figure 5.4 Generated supports in different print path strategies

As can be seen, support volume is quite different in different print path strategies

when print orientation and other print parameters are the same. For this object in

this print orientation, it is easy to distinguish that the combined print path strategy is
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the most economical. The exact support usage volume of this strategy can be

calculated as follows when the dimensions of this object are as shown in Figure 5.5.

The support volume in area A of Figure 5.5(a) can be calculated as follows,

2

1
( ) (2 )

cos

n
a

A i a nozzle
l

V l l D


    5.1

where aln
t

    and 2 nozz leD is the smallest printable size of an overhang pillar. The

support volume in area B and C of Figure 5.5(a) can also be estimated accordingly:

2
2[ sin(2 )] 2

90B nozzle
rV r D    5.2

2
2 2

0
[( cos ) sin ( sin cos )] 2 ( )(2 )

180

m

C nozzle i nozzle
RV R R R R D h D          5.3

where sinRm
t


    . The total support volume of each unit in x-z plane is the sum of

exterior support volume ( BV ) and interior support volume ( A CV V ). There are

D
t

  units as shown in Figure 5.5(b). Hence the total support volume for this whole

part is ( ) ( )A B C
DV V V V
t

       . After knowing the method for calculating support

volume in different situations, the usage of support will be comparable between them.
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Figure 5.5 Dimensions of sample object

5.3.2 Effect of print orientation

Print orientation is another important factor of support consumption [201]. All the

corresponding support struts will be re-set based on new print orientation according

to LPBL and PTOA. The volume of support can be calculated accordingly as

illustrated previously. Figure 5.6 shows some generated supports of the same part in

a different print orientation. The support volumes in Figure 5.6 are different from

the print orientation in Figure 5.4.
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Figure 5.6 Generated supports in different print path strategies under another print orientation

5.3.3 Obtaining the optimal print orientation and print path

strategy

The algorithm for obtaining the optimal print orientation and print path is shown in

Figure 5.7 based on the previous illustrations. In this algorithm, n is the number of

print orientation options and nm is the number of print path strategies in each print

orientation. The value of sum in this algorithm can be set at any value as long as it is

large enough. Once the best print strategy is obtained, parts can be accordingly

fabricated with the lowest material consumption.
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Figure 5.7 Algorithm for obtaining the optimal print orientation and print path strategy

5.4 Demonstration and discussion

To verify the proposed support generation strategy, “U”, “O” and “A” parts were

fabricated on the same Kossel Delta 3D printer as previous by using optimized print

strategy. PLA was used for printing these parts.

Before optimizing the print strategy, the longest LPBL and PTOA are tested first with

the process parameters of print temperature of 190 °C, print speed of 20 mm/s,

cooling fan speed of 250 RPM and layer thickness of 0.2 mm. According to the
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experimental results, LPBL can be achieved at 2.0 mm with deformation tolerance

within 0.15 mm and PTOA can be achieved at 40° under these print parameters in

this Kossel Delta printer. Therefore, the optimization process is carried out based on

the corresponding LPBL and PTOA. Figure 5.8 shows the best print strategies of

these three parts and their dimensions, as well as corresponding generated supports

and printed parts.

Figure 5.8 Best strategies for fabricating “U”, “O” and “A” parts and their dimensions (Unit: mm), as
well as corresponding generated supports and printed parts

5.4.1 Material consumption

For comparing with general support methods, these three parts are fabricated by our

strategy and conventional line support methods with infill densities of 20 %, 50 %

and 80 % in the print orientation shown in Figure 5.8. The wall thickness is set at 1.2

mm for shelling and hollowing and other process parameters are set as follows: print

temperature of 190 ℃ , print speed of 20 mm/s, cooling fan speed of 250 RPM and

layer thickness of 0.2 mm. The total material consumptions after experiments in

different methods are shown in Table 5.1. As can be seen from this table, our strategy
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can effectively reduce the material usage. For the “O” part, the material savings can

reach at 29.3 %, 39.6 % and 46.3 %, respectively. The material consumption of “A”

part can be reduced to 4.8 g by our strategy. The experimental results validate that

our support strategy can significantly reduce the total material consumption by fully

taking advantage of LPBL and PTOA.

Table 5.1 Total material consumptions in different print strategies (Unit: g)

Current strategy 20% infill 50% infill 80% infill

“U” part 4.1 5.6 7.3 9.4

“O” part 2.9 4.1 4.8 5.4

“A” part 4.8 7.5 8.7 9.3

5.4.2 Production time

According to [140], the most significant amount of time during a fabricating process

is consumed in manufacturing the interior support area. As the print strategy

proposed in this paper can significantly reduce the interior support material

consumption, it is supposed to be able to considerably improve the manufacturing

time efficiency. As can be seen from Table 5.2, our strategy can save at least 7.5% of

production time for the “U” part, at least 12.1% for the “O” part and 33.3% for the “A”

part.

Table 5.2 Production time in different print strategies (Unit: second)

Current strategy 20% infill 50% infill 80% infill

“U” part 2940 3180 3897 4562

“O” part 1740 1981 2283 2520

“A” part 3001 4549 5041 5584
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5.4.3 Energy consumption

The working principle of the printer used in this study is to extrude molten material

through a nozzle, and deposit it onto a substrate layer by layer. The molten material

is extruded at print temperature inside the nozzle, and then solidifies. Cooling fans

are used for speeding up the solidification process of printed material and for cooling

the print nozzle when necessary. The movement of the print nozzle is controlled by

three motors, and a fourth motor is needed for pushing the raw filament into the

print nozzle. Therefore, during a printing process, there are four motors, one heater

for heating nozzle, two cooling fans and one LED display screen that will consume

energy. Hence, the energy model for this printer is given as:

��ᬠ�t̯ � �h�t��� � �tᬠ�ᬠ�y � �y���h � ᬠᬠ̯�hh� �thy 5.4

Where ���t��� is the energy consumed by the heater, �tᬠ�ᬠ�y is the energy consumed

by the motors, �y���h is the energy consumed by the LED screen and ᬠᬠ̯�hh� �thy is

the energy consumed by cooling fans during the whole fabrication process.

The average power of motors of this printer is 5.0 W, cooling fan for nozzle is 1.1 W,

cooling fan for printed material is 1.08 W, heater is 60 W and the LED screen is 2.7

W, respectively. Hence, theoretically speaking, the energy consumptions of these

parts can be calculated roughly as shown in Table 5.3. As can be seen from this table,

the energy savings can reach at 12.1 %, 23.7 % and 30.9 %, respectively, for the “O”

part. The energy consumption of “A” part can be reduced to 254.6 kJ.
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Table 5.3 Energy consumption in different print strategies (Unit: kJ)

Current strategy 20% infill 50% infill 80% infill

“U” part 249.5 269.9 331.0 387.1

“O” part 147.7 168.1 193.5 213.9

“A” part 254.6 382.0 427.8 473.6

5.5 Summary

In this chapter, a new support generation strategy (considering both interior and

exterior support) via process planning to reduce the total amount of material

consumption, production time and energy consumption has been proposed. The

characteristics of LPBL and PTOA are fully considered for reducing the support

usage. Effect of print path strategy on support usage is considered and optimized. In

addition, optimization of print orientation is also considered in the proposed

algorithm for further reducing material usage. Lastly, “U”, “O” and “A” parts are

fabricated to verify the proposed strategy by comparing them with the general

methods. The results show that the proposed strategy can considerably reduce

material consumption, production time and energy consumption, enabling AM to be

a more environmentally friendly and sustainable manufacturing technique.
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Chapter 6

Optimization of multi-part production in AM

As reviewed in Chapter 2, former studies only focused on the optimization for a

single part fabrication with regards to support optimization. In this chapter, a four-

step strategy of multi-part production for reducing support consumption in AM is

proposed. When printing a group of parts in the same build vat or chamber, the

proposed strategy optimizes the print orientation for each part, combines every two

parts based on the geometries, proposes several possible multi-part combinations,

and then selects the optimal part positions for fabrication. Two case studies are

carried out for verification. The results show that the four-step strategy can

significantly reduce the support waste and total fabrication time, thus also saving

energy and cost. This strategy can be used in future production processes when

additively manufacturing a group of parts at the same time.

6.1 Methods

The principle of AM technology is based on the manner of layer-by-layer printing.

Which means each layer currently being printed needs to have a layer beneath it for

printability. Generally, support structures need to be printed for assisting

overhanging features, holes or edges. The purpose of the support structures is mainly

for stabilising the component and supporting against the forces of gravity. In fact,

some parts of a component can act as support structures for another component

when fabricating a group of components simultaneously. Based on this advantage,

the proposed four-step strategy for optimizing multi-part production is described in

Figure 6.1. The four steps are illustrated in detail as follows.
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Figure 6.1 Schematic of proposed four-step strategy

Step 1: Orientation generation for each part. In AM, print orientation is an

important factor that influences the support consumption, print time and final

printed surface quality. As can be seen in Figure 6.2, no support structure is needed

in the orientation of the left cylinder. While for the print orientation of the right

cylinder, support is necessary. Many studies have been carried out with the aim of

finding an optimal orientation for a single part [98,100,103,104,202]. Based on the

already existing knowledge, the orientation of every single part can be optimized at

the beginning in step 1 (see the figure in step 1 of Figure 6.1).
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Figure 6.2 Two print orientations of a cylinder (Green part: support)

Step 2: Two-part combinations between each other. Before combining all

parts together with the optimal combination, the combination of two parts should be

optimized first. There are many choices for positioning two parts. However, the

optimal combination should be used in the end. The definition of optimal

combination means the situation that the largest volume of a component can act as

support for another component. The objective function is shown as follows.

( )
Pr int int

int

vMax f j
orientation constra

subject to
Geometry constra








6.1

where vMax is the objective of maximum overlapped volume between two components.

j represents all possible combinations between two components. For example, there

are many combinations between components ① and ② in Figure 6.3(a). However,

only position (3) achieves the largest volume used as support structure for

component ②. Therefore, combination of position (3) is the optimal one between ①

and ② . Similarly, the optimal combinations can be selected between other

components as shown in Figure 6.3(b) and (c).

In general, there are two strategies to measure the support consumption for

optimization. One is to minimise the total area of overhanging downward-facing

surfaces exceeding a 45° angle with respect to the vertical axis [135,203,204].
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Another strategy is to minimise the projected volume of support structures [103,205].

Between these two strategies, measuring the volume of supports is more accurate

[206]. Therefore, the support volume strategy is used for comparison in the proposed

four-step method in this chapter.

Figure 6.3 Different positions of components ① (a), ③ (b) and ④ (c) as part of support for component
②

Step 3: Possible multi-part production combinations. After gaining the

combinations of each two components, possible optimal combinations of all
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components can be generated based on every optimal two-part combination. Figure

6.4 lists some potential solutions for depositing components.

Figure 6.4 Potential optimal combinations of all components

Step 4: Selecting the optimal combination of part group. Based on the

generated potential solutions, the optimal combination that consumes the least

support volume will be selected for fabrication. In the case of consuming the same

volume of support material in many different position combinations, the total

contacted area between components and support will be calculated and the

combination with minimum contacted area will be selected. This is because the

minimum contacted area means the minimum deteriorated surface finish quality

[207]. For example, in position combinations (a) and (b) in Figure 6.5, the support

consumption should be the same while the contacted area is different. Providing the

dimensions are shown in Figure 6.5(c), the contacted area of component ③ can be

calculated as follows.

6.5( ),

1 1 1 16.5( ), ( ) ( ( ) ) ( ( ) ) ( ( ) )
2 2 2 2

contacted area

contacted area

In Figure a A a c b c

In Figure b A a b c a b c a a b c b a b c c

   



              


6.2
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where contacted areaA is the contacted area between the component and the support.

Whichever value of contacted areaA is lower, that position combination should be used to

reduce surface finish deterioration.

Figure 6.5 Examples of combinations (a) and (b) and dimensions of component ③ (c)

The algorithm for selecting the optimal solution is shown in Figure 6.6. Where Max

is the total number of potential combinations (Max = 6 in Figure 6.4); i is one of the

specific combination solutions; V is the total overlapped volume of all components;

ioptimal is the optimal solution that corresponds to the least support consumption

combination. The algorithm inside the red area is for considering contacted area

between components and support, with the aim of minimizing surface quality

deterioration.
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Figure 6.6 Algorithm for selecting the optimal solution

6.2 Experiments

The same Kossel Delta 3D printer was used for all experiments. The material used for

fabrication was PLA. Two case studies were carried out with parts shown in Figure

6.7. There were four parts in case study one and five parts in case study two. The line,

grid and zig zag support methods from Cura 3.2.1 were tested for fabricating all these

parts. The example structures of these three support methods are shown in Figure

6.8(a), (b) and (c) respectively. The process parameters set for 3D printing these

parts were listed in Table 6.1. A surface roughness measuring tester (SURFTEST SJ-

210) from Mitutoyo Corporation was used to measure the average surface roughness

after fabrication [199].
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Figure 6.7 Parts and dimensions of case study one (a) and case study two (b) (Unit: cm)

Figure 6.8 Example structures of Line (a), Grid (b) and Zig zag (c) support methods from Cura 3.2.1
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Table 6.1 Process parameter settings

Parameters Value

Layer height (mm) 0.2

Shell thickness (mm) 0.8

Bottom/top thickness (mm) 0.8

Fill density (%) 30

Print temperature (℃) 210

Diameter of print nozzle (mm) 1.75

Print speed (mms-1) 30

Travel speed (mms-1) 120

6.3 Results and discussion

The optimized multi-part positions of case studies one and two are displayed in

Figure 6.9(b) and (d), respectively. Figure 6.9(a) and (c) show the general method for

printing multiple parts. The yellow area means the top layer of these parts; the red

area means the outline of these parts; the blues are the generated supports. Figure

6.10 shows the final printed parts of case studies one and two with optimized

positions in Line support strategy from Cura 3.2.1. The exact consumptions of print

time and support materials in different situations are listed in Table 6.2. As can be

seen, compared with normal part group positions, the optimized position of case

studies one and two both can save much material and print time regardless of line,

grid or zig zag support methods. The main reason for this improvement is that some

parts of the component act as support structures of another component, thus saving

the material and time needed for printing supports. For case study one, using the line

support method from Cura 3.2.1 can further save more material and print time.
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While for case study two, the consumptions of material and print time have no

significant difference among these three support methods.

However, the contacted area between the component and support structures will be

increased in optimized multi-part positions, thus deteriorating the printed surface

quality. For example, the printed quality of the top surface of part ③ in Figure 6.9(a)

does not need to be affected by support structure contact, while in Figure 6.9(b), the

top surface of part ③ will be influenced as there are support structures sitting on top

of that surface. For minimizing this disadvantage, the optimized method with the

least contacted area between components and supports will be finally selected for

production as shown in the algorithm in Figure 6.6. The surface roughness of the top

surface of part ③ was measured for comparison in case study one after fabrication.

The value is 0.08 mm in the situation of Figure 6.9(a), while the surface roughness is

0.21 mm in the situation of Figure 6.9(b). It is true that the surface quality may be

deteriorated as the support contact increase. However, this is still acceptable in most

of the applications. Furthermore, post-processing can also be carried out if surface

quality improvement is necessary.
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Figure 6.9 (a) Normal and (b) optimized part group positions of case study one; (c) Normal and (d)
optimized part group positions of case study two

Figure 6.10 Final printed parts of case studies one (left) and two (right) in optimized positions
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Table 6.2 Print time and support consumptions in different methods

Method Support strategy Print time (min) Support consumption (g)

Optimized

combination positions

of case study one

Line 194 0.9

Grid 199 1.1

Zig zag 197 1.0

Normal method of

case study one

Line 228 3.6

Grid 226 4.7

Zig zag 225 5.6

Optimized

combination positions

of case study two

Line 23 0.2

Grid 23 0.2

Zig zag 23 0.2

Normal method of

case study two

Line 26 0.8

Grid 26 0.8

Zig zag 26 0.8
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Chapter 7

Support interface method for easy part

removal in DMD

In traditional direct metal deposition (DMD), post processing involving laser cutting

or wire electrical discharge machining (EDM) is necessary for removing printed parts

from the substrate. In this chapter, a support interface method for DMD is proposed

for easy part removal without additional cutting operations, showing a special

function of support structures. A strut array acting as the sacrificial layer is first

printed, upon which the actual part is deposited. A rectangular piece with the

support interface has been fabricated by a customized DMD machine to demonstrate

the feasibility. The proposed strategy will be beneficial in various DMD processes to

enhance process efficiency and automation.

7.1 Methods

After the part is printed in DMD process, it is firmly attached to the substrate and

requires a following processing step to use laser cutting or wire electrical discharge

machining (wire EDM) for part removal (as shown in Figure 7.1(a)). This additional

step not only increases the cost and labor for getting the final parts, but also slows

down the overall process efficiency due to the lengthy part removal procedure. To

speed up the process and to avoid the additional step requiring laser or wire EDM, a

support interface method is proposed for direct part removal in DMD. Before

printing of the actual part, an interface layer with a strut array is first fabricated. The

actual part is built upon the interface layer which can be easily destroyed to remove

the part.
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The support interface is designed as a strut pattern as shown in Figure 7.1(b). The

interface serves as a sacrificial layer while the strut pattern reduces contact areas

between the printed part and platform. After fabrication of the support interface,

final parts are printed on top of the support interface by moving the X, Y and Z axes

as usual. In principle, the proposed support interface could achieve the goal of easy

part removal without additional cutting processes. There are, however, several design

requirements to consider, as discussed below.

The cross-section area of each strut should be as small as possible to reduce the

contact area and interface strength. The achievable size is related to the powder

nozzle diameter, laser beam energy, scan speed, powder feed rate, etc. The strut

should preferably have a circular cross-section area to achieve the minimal bending

strength. We adopted a strategy of continuously moving the Z axis only (keeping the

X and Y axes stationary) to directly print the struts. The following process

parameters were optimized to achieve the results presented in this chapter: laser

power of 67.4 W, scan speed of 0.6 mm/s, powder feed rate of 2.29 g/min and Z

direction moving speed of 0.3 mm/s. The achieved diameter of the support strut was

1.2 mm.

The distance between each pair of struts should not be too large. Due to the layer-by-

layer printing of AM, the bottom layer of a part is difficult to be fabricated if it is

located between the two struts without any support. When the distance between two

struts is small enough, the bridge-like structure can still be successfully printed [207].

As can be seen from Figure 7.1(c), the newly melted powders will be merged into the

previous printed section if the distance between struts is small enough. The exact

printable distance can be experimentally tested and integrated into the support strut

design process. In this study, the distance was set at 1.6 mm. The height of support
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struts was set at 2 mm to achieve the balance between the material usage and easy

removal.

Figure 7.1 (a) Conventional process of removing printed parts; (b) Schematic of proposed support
interface method and (c) illustration of printable distance.

7.2 Experiments

An in-house built DMD machine setup was used in this study as shown in Figure 7.2.

The setup mainly consists of the powder feeder, laser system, control system, cooling

system, and working chamber. The laser source is a 500 W multi-mode continuous-

wave infrared laser with 1070 nm wavelength (YLR-500-MM-AC-Y14, IPG

Photonics). The cladding head, 6-DOF (degree of freedom) Stewart platform, and

camera are housed in the working chamber (Figure 7.2(b)). During the DMD process,
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powders are fed into the molten pool through a ring nozzle (Fraunhofer ILT) from

the powder feeder (GPV PF2/2, GTV Thermal Spray). Nitrogen gas with purity of

99.999% was used as both the powder carrier gas and nozzle cooling gas with flow

rates set at 3.0 L/min and 10 L/min, respectively. The laser focal spot is around 300

μm. 316L stainless steel powders (20~50 μm, SANDVIK) were used as the building

material. The nominal composition of stainless steel 316L is presented in Figure 7.2(c)

and the morphology of powders is shown in Figure 7.2(d).

Figure 7.2 (a) DMD equipment setup overview and (b) printing components in the working chamber;
(c) Nominal composition of the 316L stainless steel powder (wt.%); (d) SEMmicrograph of stainless

steel 316L.

The individual strut was printed by moving Z axis only, while keeping X and Y axes

stationary. The velocity of Z axis was set at 0.3 mm/s. The process parameters used

for the printing support interface are illustrated in the previous section. Figure 7.3(a)

– (c) show the designs of the support interface and tested rectangular part (1.2 × 3 ×
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8 mm). Six struts were used as the interface for this part. The diameter of each strut

was 1.2 mm with a height of 2 mm. The process parameters for printing the

rectangular part were set using a laser power of 83.9 W, scan speed of 0.3 mm/s,

powder feed rate of 1.41 g/min and layer thickness of 0.1 mm for the first layer. For

the rest of layers, the scan speed was changed to 2 mm/s while the other parameters

were kept constant. Surface morphology of the substrate after part removal were

observed by a high-resolution optical microscope (RH-2000, Hirox).

Figure 7.3 (a) Front, (b) side and (c) three-dimensional views of the support and part designs; printed
part (d) before and (e) after removal; (f) final printed part; (g) close view of the connection between
struts and platform; and (h) schematic of laser energy distribution.
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7.3 Results and discussion

Figure 7.3(d) shows the printed part before being removed from the platform; and

Figure 7.3(e) demonstrates the part and support interface after leaving the platform.

The whole printed part with support interface was removed from the platform by

hand only, without the help of pliers. This validates that support interface can

eliminate the additional step requiring laser or wire EDM. The final part is presented

in Figure 7.3(f) with some post-polishing to remove the support interface.

As can be observed from Figure 7.3(g), the printed strut bottom faces were not 100%

connected to the platform. The reason of this phenomenon can be attributed to the

Gaussian energy distribution of the laser. When the platform moves only in the Z

direction and the laser focus is at the centre of the strut, the Gaussian distribution

makes the energy at the centre much higher than that at the periphery, resulting in

partial connection of the strut to the platform, as shown in Figure 7.3(h). This also

contributes to the easy removal of the struts.

Surface quality of the platform substrate after removing the fabricated part is shown

in Figure 7.4. The enlarged view of surface morphology of the remaining strut base is

illustrated in Figure 7.4(b). Figure 7.4(c) shows one of the micro-surface analysis

photos with the remainder step height of 288.3 μm. The platform can be re-used for

fabrication of following parts by building the strut arrays at the same locations. To

test the reusability of the platform substrate, a single strut was fabricated at the same

position where the previous strut was removed. The fabrication and removal

processes were repeated 20 times. The step heights of the remaining strut base after

the repeated processes were on average 164.9 μm with small variations. The

substrate thus could be re-used for supporting the next part using the same strut

array pattern.
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Figure 7.4 Photos of (a) the platform surface after part removal, (b) the enlarged view of the remaining
strut base and (c) micro-surface analysis.

7.4 Summary

Despite the drawbacks of support structures in AM processes, support structures can

also be beneficial in some cases. In this chapter, a support interface method is

proposed for easy removal of printed parts without laser cutting/wire-EDM in DMD

process. A strut array pattern is used as a sacrificial layer as well as a support

interface for the actual printed part. The design consideration and process

parameters have been discussed in this chapter. A rectangular part with the support

interface has been fabricated as an example to demonstrate the feasibility. The

support interface could largely reduce the contact area between the platform and

printed part, thus minimizing the contact strength for easy removal without

additional cutting operations. The proposed method might be integrated in various

DMD processes in the future to enhance process efficiency and automation.
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Chapter 8

Summary and future directions

This chapter concludes the major findings of the work presented in this thesis. A

recap of the research is provided in the first section to summarise the research

context and the completed research, which is followed by the description of the

limitations of this research. The last section indicates the future research directions.

8.1 Summary

In this thesis, the main aim is support optimization for additive manufacturing. With

this aim, four gaps are found after a literature review as shown in Figure 8.1, which

results in four chapters. The findings of PTOA study in Chapter 3 and PBL study in

Chapter 4 leads to the new support generation method proposed in Chapter 5.

Considering the rare study of support optimization for multi-part production,

Chapter 6 proposes a new idea of fabricating multiple parts for reducing support

waste. In chapter 7, a new support interface method is proposed for easy part

removal in DMD processes, considering the special function of support structures.

The summaries of these studies in each chapter are concluded as follows.
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Figure 8.1 Connections between each chapter

In Chapter 3, theoretical analysis and experimental study are carried out for

understanding the PTOA and studying relevant parameters’ effect on PTOA in FDM

processes. Specifically, effects of print temperature, print speed and cooling fan

speed on PTOA are studied. Research on these factors are necessary to be carried out

as it is a potential way to lower the PTOA as much as possible by improving print

settings, thus achieving time- and cost-savings. According to the results, the lower

the overhang angle is, the higher the possibility of larger deformation will be. This is

the reason why a PTOA is necessary to be set. All overhang angle lower than PTOA

will need support structures. To some extent, lower print temperature, higher cooling

fan speed and lower print speed can lead to less deformation of overhang angle, thus

lowering the PTOA. Different process parameter combination may lead to different

PTOA sizes. In the future, the process parameters can be determined based on the

requirement of printed properties under different process parameters, taking PTOA

into account for saving materials.

In Chapter 4, the effects of process parameters (including print speed, cooling fan

speed and print temperature) on LPBL are investigated in FDM processes. The

orthogonal method is employed for designing 32 tests of experiments with different
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process parameters. Subsequently, a back propagation neural network (BPNN) is

trained based on that set of experimental sample data to establish the nonlinear

relationship between PBL and process parameters. After that, process parameters are

optimized for achieving the longest printable distance which means the longest

bridge a 3D printer can print (with satisfactory finish surface quality) without using

any additional support structure. The feature and results of the LPBL can be

integrated into slicers for slicing 3D models and generating supports, thus

minimizing support usage and production cost in future printing processes.

Based on the findings in Chapters 3 and 4, a new support generation strategy

(considering both interior and exterior support) via process planning to reduce the

total amount of material consumption has been proposed in Chapter 5. The

characteristics of LPBL and PTOA are fully considered for reducing the support

usage. Effect of print path strategy on support usage is considered and optimized. In

addition, optimization of print orientation is also considered in the proposed

algorithm for further reducing material usage. Lastly, “U”, “O” and “A” parts are

fabricated to verify the proposed strategy by comparing them with the general

methods. The results show that the proposed strategy can considerably reduce

material consumption, enabling AM to be a more environmentally friendly and

sustainable manufacturing technique.

As support optimization for multi-part production has not been studied in the

literature, a four-step strategy of multi-part production for reducing support

consumption is developed in Chapter 6. When additive manufacturing a group of

parts in the same build vat or chamber, the proposed strategy optimizes the print

orientation for each part, combines every two parts based on the geometries,

proposes several possible multi-part combinations, and then selects the optimal part
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positions for fabrication. Two case studies are carried out for verification. The results

show that the four-step strategy can significantly reduce the support waste and total

fabrication time. This strategy can be used in future production processes when

additively manufacturing a group of parts at the same time.

Considering the special functions of support, a support interface method is proposed

for easy removal of printed parts without laser cutting/wire-EDM in DMD process. A

strut array pattern is utilized as a sacrificial layer as well as a support interface for the

actual printed part. The design consideration and process parameters have been

discussed. A rectangular part with the support interface has been fabricated as an

example to demonstrate the feasibility. The support interface could largely reduce

the contact area between the platform and printed part, thus minimizing the contact

strength for easy removal without additional cutting operations. The proposed

method might be integrated in various DMD processes in the future to enhance

process efficiency and automation.

In this thesis, however, there are some limitations. In Chapter 5, after fabricating the

parts using the proposed new support generation method, the final mechanical

properties of printed parts are not tested and considered as the focus is on reducing

supports. In the future, the mechanical properties can also be studied while

considering support consumption. Another limitation of this thesis is that the work

of support interface method for DMD in Chapter 7 is a preliminary study; more

research and tests should be carried out in the future for adopting this strategy in

real applications.
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8.2 Future directions

In this subsection, future works that can be carried out regarding support structures

are proposed for further development in this area. Based on the review and research

conducted in this thesis, the following directions can be considered in the future.

8.2.1 Using BPNN for more applications

Currently, the BPNN is only used for predicting PBL. In fact, BPNN can also be used

for predicting PTOA and other features as well. In the future, BPNN can be fully

integrated into 3D printing processes to improve the overall efficiency and optimize

the processes.

8.2.2 Integrating the new support method into multi-part

production processes

In Chapter 6, a method of multi-part production for reducing support waste is

proposed. This method is based on normal support structures. In the future, the new

support generation method proposed in Chapter 5 can also be investigated for multi-

part production to further reduce support usage.

8.2.3 Benchmarking part for evaluating and comparing different

support methods

The experimental evaluation of the efficiency of support material usage has so far

relied on comparison between the ‘standard’ support generation settings for a

particular 3D printing technique and the new method of support generation. This has

typically taken the form of looking at the savings in terms of time and amount of

material used. Such an approach unfortunately makes it difficult to compare

different support generation techniques to each other due to the lack of

standardization in both the model that is used to test the efficacy of support

generation and the method of quantification. Within the published literature, each
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support method has not provided the explicit resolution of its printed products,

though the support material usage was available. The comparison in a certain paper

between the mentioned support methods in that paper may be acceptable. For

example, in the study of Schmidt et al. [121], their support structure method can

reduce 75% plastic support material compared with the manufacturer-provided

supports, as well as reducing print time by an hour. Shen et al. [122] proposed a

bridge support structure generation algorithm which can save an average of about

15.19% of printing and about 24.41% of time, compared with a vertical support

structure. However, the studies of their methods are unable to be compared with

each other as they are based on different 3D models and did not mention the

resolution or criteria for comparison.

Since there are no benchmark examples in the literature for support volumes, a

criterion is quite necessary to evaluate efficacy of different support method. The

benchmark should be proposed and standardized in the future [208]. A standardized

model should be proposed with specific characteristics of every possible situation for

comparisons between different support methods. First, the possible overhang angles

should be defined, a part or whole of a circle may be useful as this can contain all

angle sizes. Second, flat point characteristics should be included with main angle

sizes that can help test whether different support methods are able to adequately

support this type of overhang situation. Third, a quantitative comparison criterion is

necessary and should be given. These criteria should not only include the time and

material used due to the support structure, but should also factor in criteria that are

of increasing relevance to final part manufacture, such as time to remove support

and both printed and final surface finish. For example, when comparing different

support methods, one may be more economical than another but with worse finish
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surface. The relative utility of such a change in support generation method will be

dependent upon the final use of the printed part.

8.2.4 Support structure modelling

Most works carried out on support modelling are for reducing support structure

usage, irrespective of changing printing orientation or adopting new structures.

There are papers published on modelling and predicting the thermal behaviour

change of the material during 3D printing processes, which can help understand,

optimize and control the deposition process [209–213]. However, little research has

been carried out investigating support structure modelling for optimizing heat

dissipation and residual stresses for improving the support structure, thus enhancing

the final part quality. Research on support structure modelling is quite necessary,

especially for metal 3D printing processes. Metal-based processes typically aim to

produce industrially relevant components which need to be precise within tolerance

and should be strong enough for functionality. Support structure plays a crucial role

in metal additive manufacturing by eliminating cracks, curling up, sag or shrinkage.

If thermal and support force generation process modelling could be conducted, the

modelling results will be beneficial for understanding and further improving the

support structure for AM, especially for industrial development.

8.2.5 Integrating topology optimization into support structure

Topology optimization has been used in structure optimization for a long time, which

is a mathematical method that can reduce material used and optimizes material

layout within a given design space, for a given set of loads, boundary conditions and

constraints with the goal of maximizing the performance of the system. Given this

advantage, it is beneficial to integrate TO into support structures for 3D printing.

Although much research has been done on topologically optimizing 3D structures for
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AM, most of them are on designing the final parts. Among them, six papers are

related to reducing support needed through topologically optimizing the final part

rather than support structure themselves. Although optimizing topology is mainly for

better functional performance in the use stage, it is potentially still useful and

effective when optimizing support for large scale parts. Hence, research on

integrating TO for the support structure is still necessary as TO can significantly

reduce the support needed and optimize the support structures based on material

properties. The workflow of TO for support structure should be in the way shown in

Figure 8.2. Due to the limitation of 3D printers’ resolution and the nature of layer-

by-layer process, some over-thin struts or struts with too large angles could not be

printed successfully. For example, it is impossible to print a support with 0.1 mm

diameter size according to TO result when the print nozzle has a diameter of 0.2 mm.

It is also unavailable if a support structure after topology optimization still needs

another support beneath it. Therefore, some criteria and uniformed tolerance of

support structure for a given AM technique should be made in order to 3D print

parts reliant on these supports. Specifically, some certain conditions (such as

printable angle size and nozzle size) should be constrained in topology optimization

settings in the future.

Figure 8.2 Workflow of topology optimization for support structure

8.2.6 Balance support methods and printed quality

As illustrated before, there are numerous strategies for reducing support waste.

While the less support usage may lead to worse printed quality, how to balance
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support and printed quality is another interesting topic in the future. So far, no

publications have been reported about the trade-off between support usage and

printed quality. Using different support strategies may lead to different finished

surface roughness, tensile properties or other mechanical properties.
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