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Abstract

Metal binder jetting additive manufacturing (BJAM) is an additive manufacturing

(AM) process that builds parts from a feedstock metal powder material by spreading a

layer of powder, then depositing liquid binder over the desired cross-sectional area to

bind the powder together. Once completed, the part is cured and depowdered, resulting

in a green part with the desired form but lacking functional material properties. Heat

treatment, typically in the form of sintering, is required to impart the desired properties

to the material by pyrolyzing the binder and densifying the part.

During each of these steps is the challenge of creating or maintaining a dimensionally ac-

curate part that adheres to the intended geometry of the part that was designed. Each step

has interactions between process parameters, material properties, and geometric feature

characteristics that determine the degree of accuracy of the finished part. Benchmarking

and understanding the physical phenomena of each of these steps is a field of active re-

search with many domains to be covered. In particular, there is a lack of information on

the dimensional accuracy of the printed green parts prior to post-processing and how to

design parts to achieve a desired accuracy.

The goal of this work is to develop a set of design rules that can be applied when

designing for binder jetting additive manufacturing with stainless steel (SS316L). This was

done by printing artifacts with geometric primitives at different scales and orientations to

determine which features can be printed successfully. Six types of features were included in

the design of these to examine minimum feature dimensions and clearances. The artifacts

were analysed with the help of a custom developed automated computer vision approach to

quantify the degree of dimensional accuracy. These results are compiled into a practical set

of design rules for designers that express printability and dimensional error as a function
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of feature type, nominal dimension, thickness, and orientation. Future work is proposed

to expand the formalization of design rules for binder jetting additive manufacturing and

to apply this workflow to other processes.
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Chapter 1

Introduction

Additive manufacturing opens the doors to production of complex designs, ones that could

not be easily manufactured using conventional techniques, and enables them to be made

from a variety of materials, including polymers, metals, and ceramics. To maximize the

potential of additive manufacturing, designers and engineers need to have a thorough

understanding of the limitations and possibilities of the technology class used. One critical

behaviour that needs to be understood is the dimensional accuracy of the manufactured

parts. From a high level, the key is to understand how a digital part file is translated

into a physical object and how closely does it match the design intent of the part. These

can be expressed as a set of design rules [1] which describe the requirements that parts

must meet to be successfully manufactured using a given additive manufacturing process.

These design rules are expressed in numerical form, with quantified limits for what can be

printed. In contrast, design guides provide broader recommendations for how parts should

be designed to improve printability, repeatability, reduce post-processing work required,

and optimize the physical properties of the final part [1].
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1.1 Overview of design rules for BJAM

Binder jetting additive manufacturing (BJAM) of metals is a two-step process: the print-

ing step is where the geometry of desired parts is created through a layering process and

a post-processing step that involves heat treatments to impart the desired physical prop-

erties to the part such as mechanical strength, density and surface roughness [2]. BJAM

has advantages over other forms of AM with regards to higher part throughput, compati-

bility with a variety of material classes, tunable physical properties, and greater geometric

freedom [3].

Design rules and guides for a variety of AM technologies have been developed by both re-

searchers and industrial professionals, including for laser powder bed fusion (LPBF), fused

filament fabrication (FFF), selective laser sintering (SLS), and stereolithography (SLA)

technologies [4]–[7]. For BJAM, existing design guidelines lack the information needed by

designers to explore complex geometries and optimize designs for additive manufacturing.

The information provided by manufacturers and service bureaus [7]–[9] provides guidance

on a set of features but does not take into account the effects of orientation and the under-

lying data is not available, nor verifiable across different systems and materials. It is also

in the AM community’s interest to publish on robust methodologies for creating BJAM

design rules and report on these design rules, as the rapid pace of changes within the AM

industry means that even basic design rules and guidelines from manufacturers are prone

to becoming lost and inaccessible. Emerging research into design rules for BJAM has been

published by Blunk and Seibel [6] for a limited set of designs; more work can still be done

to fully characterize a diverse range of design features under different print conditions and

to establish a workflow to analyze and extract process-specific knowledge from such data.

Design rules are intended to cover as many features and materials possible, particularly
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those that would be useful to designers, however it can be challenging to generalize design

rules to new materials and process parameters in a robust manner. A need exists for

a method to rapidly develop BJAM design rules for new materials, as the continuing

development of AM processes enables them to be printed. For BJAM, the effect of process

parameters on mechanical properties has been extensively studied [10]. An opportunity

exists to direct the same level of attention to their effect on green part geometric accuracy.

1.2 Thesis objectives

This work aims to expand the body of knowledge surrounding the geometric accuracy of

BJAM in two ways. The first way is to propose a robust workflow that can automatically

extract data from optical images of specimens printed using BJAM and use that data to

establish a set of design rules. The second is to demonstrate this workflow for a given

process parameter set and material to develop preliminary design rules for desired feature

types printed using a particular feedstock material and process parameter set.
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Chapter 2

Background

2.1 Binder jetting additive manufacturing

Binder jetting additive manufacturing (BJAM) is a form of additive manufacturing that

takes raw material powder and combines it with a liquid binder to form parts. It is a

multi-step process that can be used with a wide range of materials and can be scaled up

to produce large build volumes of parts. The steps used by BJAM can be broken down

into the following steps: printing, curing, depowdering, and sintering, as illustrated in

Figure 2.1 [11]. All these steps can be organized into two categories, the steps involved

in forming the geometry of the part and the steps required to impart the desired material

properties of the part. Printing is the only step that is used to create the geometry and

part features, while the rest of the steps, which are considered post-processing steps, are

needed to improve part density and strength, while balancing geometric shrinkage and

distortion.
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Printing Curing Depowdering Sintering

Figure 2.1: A diagram illustrating the steps required to manufacture a part using BJAM,

including post-processing

2.1.1 Printing process

The printing stage is the initial step for producing parts using BJAM, where the geometry

is formed using a liquid binder being jetted onto a powder bed at select locations and

forming the desired geometries layer by layer. A graphical depiction of this process can

be seen in Figure 2.2 for the hopper configuration of the BJAM process, where powder

is supplied from above the print bed from a hopper holding powder for future layers. An

explanation of the steps shown in Figure 2.2 is as follows: (1) the initial state of the printer

part-way through the build process, where the green areas represented the portions of the

powder bed that have already been exposed to binder to be consolidated together; (2) the

build bed is lowered by a single layer height, which is typically in the range of 50 to 200

µm [10]; (3) powder is dispensed on top by a hopper that travels over the bed; (4) the

loose powder dispensed in the previous step resting on top; (5) a counter-rotating roller

traverses over the bed, compacting the powder and removing excess powder to ensure a

consistent layer height and compaction; (6) the build bed after a complete powder layer

has been deposited; (7) an inkjet printhead moves over the layer of powder, jetting liquid

binder droplets into the bed to produce a 2D cross-section of the desired part geometry;

(8) a heater is passed over the entire layer to partially evaporate and/or cure the binder,
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1 2 3 4

5 6 7 8

Figure 2.2: A diagram showing the powder spreading and jetting steps for a BJAMmachine

with a hopper configuration. For description of steps, see main text.

depending on binder chemistry, prior to repeating the process. The process for one layer

is now complete, ready to repeat from step (1). This process repeats for as many layers

as needed, building up the part in 2D cross sections until it is complete. The areas of the

powder bed that will become the final part are now saturated with binder that will hold

that portion of powder together in later steps, while the remaining powder on each layer

remains loose and will be removed during depowdering. Slight variations of the BJAM

process exist.

This entire process depends on the machine configuration, some BJAM machines do

not employ a hopper for supplying powder but instead, rely on a feed bed to supply powder

at each layer. This process can be seen in Figure 2.3, each step explained as follows: (1)

the left side represents the feed bed and the right side is the print bed that contains a print
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1 2

4 5 6

3

Figure 2.3: A diagram showing the powder spreading and jetting steps for a BJAMmachine

with a feed bed configuration. For description of steps, see main text.

in progress; (2) the build bed is lowered and the feed bed is raised by one layer height;

(3) a counter rotating roller spreads the powder from the feed bed across to the build bed,

compacting it into a dense layer; (4) the completed powder spreading process; (5) inkjet

printhead deposits the binder; (6) a heater is passed over the powder bed. The process is

now ready to repeat from step (1), as in the case for the hopper configuration.

Once the part has been built up from layers of binder-saturated powder, the whole build

volume, including excess powder surrounding the part, is typically placed into an oven to

fully cure the binder. The build volume is held at 175 to 450 °C, depending on the binder

used, for several hours until it is fully cured [11]. Typically, the curing process is done in

an ambient atmosphere and air, but can be done in an inert atmosphere depending on the

material being printed. The purpose of curing the binder is to improve the strength of the

part, otherwise the binder would either remain in a wet state or non-cross-linked state,

and the parts would not be able to be removed from the build volume intact. Once cured,
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the parts are now referred to as green parts and can be handled gently without damage.

2.1.2 Depowdering and post-processing

Depowdering is a manual process where the green parts are carefully removed from the

build volume and excess powder is removed. This is typically done by hand using tools

such as brushes, compressed air blow guns, or vacuum nozzles [12]. This step requires

careful attention by the user, as the green parts are still delicate and any thin or detailed

features could be damaged or destroyed if too much force is applied. Any excess powder

from internal cavities needs to be drained out at this step, using pre-designed holes in the

part. Other methods for effective depowdering using a vortex oscillator have been proposed

by [13].

Once the green parts have been cleaned and excess powder removed, they are still

porous, with densities typically ranging from 50-60% [10]. The particles within the powder

are still only bound by the binder, thus the green part strength is very weak and a sintering

post-processing step is needed to obtain the desired material properties based on the powder

material system utilized. Alternatively, an infiltration step is used in lieu of sintering to

form a metal matrix composite by introducing a different metal into the part.

For sintering, the part is placed into a furnace and heated to a lower temperature to first

burn away the binder, then the temperature is increased and held to allow the sintering

process to occur, wherein the part goes through several stages of sintering, eventually

reaching a density of typically 70-92%, dependent on material class and process parameters

[11]; higher densities have recently been reported [14]. The furnace has a protective gas

flowing around the part to prevent oxidation. The exact details of the sintering schedule

and protective gas used are chosen based on the materials that are being printed, with
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the starkest differences being between different classes of materials (i.e. metals, ceramics,

polymers, etc.). The sintering profile also is based on the desired properties for the final

part, particularly for metals, as the microstructure is highly dependent on how the part is

sintered [15].

An important aspect of particular concern is that the sintering process causes the part

to shrink and deform depending on part geometry; this has to be accounted for when

designing the part. This has been the subject of research that attempts to simulate and

measure this deformation for a variety of materials and geometries [16]–[19].

When infiltration is used, the part is first heated to burn away the binder, then a metal

with a lower melting temperature than the powder material is brought into contact with

the part and both are heated in a furnace. The new metal infiltrates the material and

fills the pores that existed, densifying the part [20]. Occasionally, infiltration is performed

after sintering to further improve part density if the materials used are compatible and

do not result in adverse mechanical properties. Infiltration was the initial technique used

for densifying parts when BJAM was first developed, but the focus has shifted largely to

sintering in recent years [21].

2.1.3 Relevant process parameters

BJAM has a long list of process parameters that affect the final part quality, with each

step of the process having its own key parameters that then influence subsequent steps.

These process parameters will be split between printing and post-processing steps. This is

not an exhaustive list of process parameters, rather a collection of the key ones that have

been the focus of research and have been found to have the greatest impact on final part

properties.
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The characteristics of the powder used during printing are critical for ensuring that the

print succeeds and that the final part has desired properties. Some of the key parameters

used to characterize the powder and its suitability for BJAM are the powder size distribu-

tion, mean size, morphology, flowability, and packing density [10], [22]. These properties

impact the final properties of the part through two main ways, the density of the part as

it is printed and sintering properties [23]. Generally, when selecting a powder, its ability

to from a denser green part is desirable as it leads to greater success in sintering density

outcomes and resulting part strength.

Aside from the powder feedstock, the parameters that are set on the BJAM machine as

it prints each layer of the part are also critical for determining green and final part quality.

The mechanisms to spread the powder evenly across the bed are dictated by parameters

such as layer thickness, translational and rotational speed of the roller, and possibly even

the vibration of the roller or hopper [23]. The interaction of the binder and the powder is

given by the behaviour of the inkjet printhead as it deposits droplets with a certain velocity

at a given distance from the powder, and the layer thickness of the powder [10]. This can

be summarized as the saturation of the powder with the binder liquid and the degree to

which it fills the void between particles. Excess saturation will lead to excessive powder

being bound together, causing dimensional inaccuracies, while inadequate saturation will

result in weak parts that will not survive the depowdering and/or post-processing steps

[15]. The time spent between each layer to allow the binder to dry, as well as any heating

performed to partially cure the binder also has an impact on part properties [10].

Lastly, the placement (location and orientation) of the part within the build volume

can also have an impact on the final resulting parts, with differing densities based on which

area of the powder bed that the part was printed [11], and increased dimensional accuracy

along certain axes based on part position [24]. This is due to the spreading direction of
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the powder, the jetting direction of the printhead, and gravity.

Regarding post-processing, the focus of process parameters is on the sintering step used

to produce a dense part. The sintering step can involve heating the part to multiple different

temperatures under various gas conditions, for set amounts of time at different heating

rates, all of which impact the final density and strength of the part. The temperature can

impact the type of sintering that occurs, particularly relative to the material’s solidus and

liquidus temperatures [10]. The gas atmosphere chosen for the sintering process can also

impact final part properties [11].

For this work, the focus will be on observing geometric properties of the green parts to

develop strategies to propose design rules and calibrate design features to improve printing

fidelity. As such, the interplay of parameters involved in the printing process will have a

significant importance.

2.1.4 Comparison to other AM technologies

In comparison to other metal powder bed AM processes, BJAM has the advantage of

occurring in an ambient environment when printing. This means that larger print volumes

can be used for large or multiple parts when printing. It also does not require a high energy

source to melt the material that can be expensive or lead to residual thermal stresses in

the printed part [25]. BJAM is also typically faster than other AM technologies due to its

inkjet printhead that can quickly cover large areas of each layer instead of relying on one

or multiple point sources such as lasers or electron-beams to cover that same area [10].

From a design perspective, BJAM allows metal parts to be printed without supports,

as the binder jetting process can dispense binder without issue onto unsupported regions.

This means that multiple layers of parts can be printed on top of each other within the
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same print volume during a batch, increasing productivity. However this does not imply

true support-free design freedom, as designs that will be sintered still need some supports

to prevent slumping or distortion due to gravity [25].

BJAM does have certain disadvantages that need to be overcome or avoided. Some of

these arise from its nature as a multi-step process, meaning that parts do require addi-

tional effort and intervention to be manufactured. The sintering step introduces a level of

inaccuracy to part geometry due to shrinkage that needs to be compensated using multiple

trial runs before obtaining reliable part dimensions [10]. From a design perspective, this

shrinkage is dependent on the geometry of the part and accurate simulation software to

predict this behaviour is an ongoing challenge. BJAM is also a powder bed process at its

core, meaning that internal cavities and detailed features must be designed with depow-

dering in mind, ensuring that there are appropriate channels and holes for powder to be

removed.

The mechanical properties of the part are also dependent on its successful densification

and BJAM has many steps where defects can arise which cause entrapped porosity that

hinders the part’s full potential. Additionally with regards to metals, the composition of

the binder may result in leftover elements in the final part that can compromise material

properties, for example, leaving excess carbon in a steel parts may weaken its strength [14].

2.1.5 Materials

The range of materials compatible with BJAM can be roughly organized into three groups:

metals, ceramics, and other specialty materials. Table 2.1 gives an overview of the different

types of materials that have been reported in the literature as having been printed using

BJAM.
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Table 2.1: Materials that have been deployed with BJAM

Metals Ceramics Specialty Materials

Stainless Steel (316L, 420) [26],

[27]

Calcium phosphate [28] Casting sand [29]

Nickel Alloys

(Inconel 718, 625) [30], [31]

Hydroxyapatite [32] Active pharmaceutical

ingredients [33]

Iron [34] Alumina [35] Cement [36]

Titanium [37] Porcelain [38] Plaster [24]

Copper [39] Calcium Caseinate [40]

Nickel-manganese SMA [41] Silicone [42]

Cobalt Alloys [43]

Aluminum [44]
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BJAM can work with metals such as stainless steel for functional parts, in particular,

316L and 17-4PH stainless steels have been well studied in the existing BJAM research

literature, with process parameters being optimized for those materials [15], [21], [45].

BJAM is uniquely suited for printing parts with copper as other metal AM technologies

face issues printing copper due to its material properties [46]. There are a range of ceramic

materials that have also been a focus of ongoing research due to their uses as bioceramics in

medical applications and functional ceramics in engineering designs [47]. More specialized

materials have been explored for targeted applications such as calcium caseinate which was

used to print high-protein snacks [40].

The challenge with printing some of these materials is either due to powder charac-

teristics that negatively impact its performance during the printing step or the powder

behaviour when being sintered that prevents the part from reaching sufficient density. An

example of difficult powder to print would be non-spherical powders as they have low

flowability due to higher friction [15]. This would typically lead to either less dense layers

of powder or a complete inability to spread a thin layer of powder without disturbing the

underlying layers. Ongoing research is focused on addressing such challenges.

2.2 Additive manufacturing benchmarks

Throughout the history of additive manufacturing, particular part designs have been devel-

oped to be used as tools to benchmark additive manufacturing technologies [48]. A helpful

classification of these benchmarks comes from Mahesh [49]: geometric benchmarks to test

the dimensional accuracy of printing certain features, mechanical benchmarks for examin-

ing the mechanical properties that are independent of geometry, and process benchmarks

used to compare the effects of process parameters in order to optimize said parameters.
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Benchmarks in literature have changed and adapted over time, expanding into new

materials and AM technology classes as they become available. One key shift has been the

move from looking at pre-existing parts that are designed for a realistic functional purpose

to parts intentionally designed for benchmarking with features based around various primi-

tives such as holes, walls, cylinders, and overhangs [50]. These benchmarks usually include

the most challenging situations for the AM technology being tested, where the geometric

feature is likely to warp, be damaged, or fail during the printing process.

A comprehensive list of benchmarks was compiled by Rebaioli and Fassi in their review

of artifacts for AM [50], and a few prominent benchmarks will be mentioned in this work

to provide guidance for the design of new benchmarks. One of the earliest benchmarks

depicted in Figure 2.4 and is described by Kruth as having been performed by Centrum

voor Productietechniek and TNO to compare different AM processes available at the time

[48]. Indeed, many of the benchmarks since then have been used to compare different

additive manufacturing technologies [51]–[53].

Another benchmark part that is often referenced is one that was proposed by Moylan

et al. known as the NIST test artifact, that is designed in a way to act as a geometric,

mechanical, and process benchmark [54]. The benchmark contains surfaces, pins, holes,

staircases, ramps, and cylinders that can be measured and can be seen in Figure 2.5.

Another benchmark of particular interest is the one used by Castillo to compare different

AM processes, including metal BJAM [55]. This benchmark contains hollow cylinders,

holes, and multiple types of overhangs as seen in Figure 2.6.

An important consideration when deciding on benchmark parts is to ensure that the

benchmark encompasses the most useful and common features for the intended AM tech-

nology. For example, it is of little use to examine the effect of extreme overhangs in AM

processes such as LPBF as the design will be guaranteed to fail, whereas it may provide
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Figure 2.4: Benchmark parts used by Centrum voor Productietechniek and TNO that were

printed using selective laser sintering, stereolithography, and laminated object manufac-

turing to measure the geometric accuracy of each technology. [48]

Figure 2.5: The benchmark proposed by Moylan et al. [54]
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Figure 2.6: Benchmark used by Castillo [55]
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little value when examining SLS technologies as overhangs pose no significant challenges

to that AM class. Use cases are also important to consider, as noted by Buswell et al. [56]

who focused on a wall feature when examining concrete material extrusion AM printers,

as construction of building structures was their primary use case.

These manufactured benchmarks are typically measured using CMM [53], [57], [58], 3D

optical scanners [59]–[63] , X-Ray CT scanning [51], [60], [64], image processing techniques

[28], [65], optical microscope [66], [67], caliper gauge [24], [55], [68]. All these measurement

techniques have their own benefits and drawbacks, for example, X-Ray CT scanning allows

for the measurement of internal feature that would be impossible to quantify otherwise,

but at high financial and time costs.

2.3 Design rules for additive manufacturing

Design guides have been developed for a variety of AM technologies, including LPBF,

FFF, SLS, and SLA [4], [5], [61], [62], [69]. The most relevant ones are the powder based

technologies, as they share the closest similarities to BJAM. However, these similarities

cannot be directly correlated as most of these are fusion- or sinter-based processes while

BJAM is unique in only having a liquid binder being deposited to form geometry from

powder during the printing process.

Historically, the first BJAM machines commercially available were intended for use

with plaster and ceramic materials and the geometric accuracy of parts made using these

materials have been studied in the past [24], [28], [53], [58], [67], [68], [70]–[72]. Many

general observations about the nature of binder saturation and the jetting process could

theoretically be transferred to metal powders and binders, however experimental validation
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Table 2.2: Existing metal BJAM design rules

Publication Author Minimum wall

thickness

Minimum hole

diameter

Minimum inner

corner radius

Blunk and Seibel [6] 0.1 mm 0.2 mm 0.06 mm

ExOne [8] 1 mm Not given 0.8 mm

Xometry [9] 1 mm 1 mm Not given

Schmidt-Lehr and

Fuhrer [7]

0.3 mm 1.5 mm (vertical)

1.0 mm (horizontal)

0.8 mm

of these effects have not been recorded for metal powders except in a limited number of

cases [22].

With regards to metal BJAM, there are only a handful of works that compile a useful

set of design rules for different types of geometric features. A selection of design rules

extracted from these publications is compiled in Table 2.2. The content in the industrial

publications are focused more on general guidelines as opposite to numerical design rules.

This motivates the goal of this work to provide a workflow that can be used to expand this

body of knowledge around binder jetting design rules and formalize the design guidelines

that already do exist.
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Chapter 3

Artifact design

The goal is now to design benchmark artifacts that isolate design primitives that can be

manufactured to test their printability and dimensional accuracy. Drawing on the work

done by Seepersad et al.[5] and Castilho et al. [28], the artifacts used for this experiment

will use a factorial design to test multiple levels of feature size, part thickness, and orien-

tation. The desire is not to design a monolithic artifact that contains as many different

features as possible, as done before by other researchers [54], [58], [63], but to design a

series of parts that will focus on fully investigating a limited subset of features. A mono-

lithic artifact is also undesirable, as it presents many challenges in accurately measuring

the dimensions of the features it contains due to the crowding of features. Most monolithic

benchmarks are also only intended to be printed in a single orientation, optimizing their

overall dimensions to fit common rectangular build volumes; however, the goal of this work

is to also examine how orientation affects the quality of features, making it difficult to use

these existing benchmarks.

To demonstrate the workflow for developing a design guide, a subset of basic geometric
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features were chosen that could be printed as specimens to collect data on their geometric

fidelity and printability. For the purpose of this work, the focus was on fine features below

5 mm to investigate minimum feature sizes of BJAM.

The motivation for fine features come from applications for binder jetting for detailed

features with complex geometries, to best leverage the unique capabilities of this AM

technology, namely the ability to print without requiring supports and how increased com-

plexity does not increase the printing time due to the inherent nature of jetting requiring

only a constant amount of time per layer. For this work, the measure of interest is the

geometric fidelity of the feature, with reference to dimensions such as the length, width,

and position of the feature. Surface roughness is not within the scope of this work.

In particular, three types of geometric features were chosen: thin walls, circular through

holes, and rectangular slots. Thin walls exemplify the fine features required for flexures

[73] and surface lattice structures [74]. Circular through holes are representative of micro-

channels [75] or fine lattice structures. Lastly, rectangular slots are important for demon-

strating the minimum separation between parts when laying out print beds of parts and

are also important for quantifying the minimum width required for powder to escape from

a negative feature; additionally, such features are important in printing of thin fins, similar

to ones present in heat exchangers. This last feature is sub-divided into thin gaps along the

X and Y directions and vertical gaps in the Z direction, this is since the Z axis is expected

to result in different print quality behaviour [24] and also to keep the artifacts within a

maximum height to reduce printing times for efficiency.

All of these features were designed to be analysed using an optical microscope, which

required them to have a constant 2-dimensional cross-section for the features of interest

which could be imaged to capture the entirety of the feature. This effectively meant that

all these parts are extrusions of a 2D shape that has the key dimensions. In addition
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to these artifacts, another artifact was designed to test the minimum clearance between

surfaces that can still be successfully printed and depowdered as separate parts without

fusing together. More complex geometries are out of scope of this present study and will

be considered in future work.

3.1 Thin walls

The thin walls artifact is composed of 15.0 mm long walls of varying widths held together

with an outer frame. The walls are separated by 3.0 mm gaps and the entire artifact is 5.0

mm thick. The wall dimensions that were examined are 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,

0.7, 0.8, 0.9, and 1.0 mm. On the side of the artifact, text is embossed that indicates the

intended orientation of the part relative to the printer axes, this embossed text is standard

for all artifacts used in this work. Figure 3.1a and 3.1b are the top and orthographic view

of the artifact respectively.

(a) Top view (b) Orthographic view

Figure 3.1: Views of the thin walls artifact CAD model
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3.2 Thin gaps

The thin gaps artifact is composed of 15.0 mm long gaps of varying widths within an outer

frame. The gaps are separated by 3.0 mm walls and the entire artifact is 5.0 mm thick.

The gap width dimensions that were examined are 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,

0.9, and 1.0 mm. Figure 3.2a and 3.2b are the top and orthographic view of the artifact

respectively.

(a) Top view (b) Orthographic view

Figure 3.2: Views of the thin gaps artifact CAD model

3.3 Vertical gaps

The vertical gaps artifact has gaps that are 10 mm in length, surrounded by a 5.0 mm thick

frame. The square insets around the gaps were used to set the part thickness to either 1.0

or 5.0 mm. The gap widths that were tested for this feature range from 0.1 to 0.8 mm, in

increments of 0.1 mm. Each artifact has 4 different feature widths, so the complete list of
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vertical gap widths is measured using 2 different artifacts. Figure 3.3a and 3.3b are the

side and orthographic view of the artifact respectively.

(a) Side view (b) Orthographic view

Figure 3.3: Views of a vertical gaps artifact CAD model, where the vertical gap distances

being tested are 0.1, 0.2, 0.3, and 0.4 mm (from left to right), and the part thickness is 1.0

mm for each feature (inset squares)

3.4 Through holes

Each through hole artifact was designed to test 5 different hole diameters at 5 different part

thicknesses to cover the full factorial design. The part thicknesses ranged from 1.0 mm to

5.0 mm, in 1.0 mm increments. The hole diameters that were tested ranged from 0.1 to

2.0 mm, in 0.1 mm increments. A total of 4 different artifacts were used to span all hole

diameters in this testing range. Each artifact has 5 different hole diameters arranged in a

cross pattern, with this pattern repeated 5 times for each part thickness. The entire part

has a 3.0 mm frame to stabilize and protect the delicate thinner portions of the artifact.
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Figure 3.4a and 3.4b are the top and orthographic view of one such artifact.

(a) Top view (b) Orthographic view

Figure 3.4: Views of a through holes artifact CAD model, where the hole diameters being

tested are 1.6, 1.7, 1.8, 1.9, and 2.0 mm (arranged in a clockwise spiral), repeated for 1.0,

2.0, 3.0, 4.0, and 5.0 mm part thicknesses (each step from left to right)

3.5 Clearance cylinders

To determine the minimum clearance required between concentric geometries, an artifact

was designed that had a grid of cylinders, 10.0 mm in diameter, placed inside holes with

varying amounts of clearance between the cylinder and the outer wall. Clearances of 0.1,

0.2, 0.3, 0.4, 0.5, and 0.6 mm were tested. For each clearance measurement, two different

heights of cylinder were used: 5.0 and 10.0 mm. This artifact can be seen in Figure 3.5b.

Figure 3.5a and 3.5b are the top and orthographic view of the artifact respectively.
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(a) Top view (b) Orthographic view

Figure 3.5: Views of the clearance cylinders artifact CAD model
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Chapter 4

Methodology

4.1 Specimen printing and materials

The specimens used for this experiment were printed using a ExOne M-Flex (ExOne, North

Huntingdon, PA, USA) Binder Jetting machine. The specifications for this machine can be

seen in Table 4.1 The particular machine used can be seen in Figure 4.3. All the parts were

printed using a custom reduced build volume (RBV) that was designed and built in-house,

which is shown in Figure 4.1. The RBV slots into the existing build volume of the machine

to reduce the effective print volume to 110 x 110 x 50 mm, reducing the amount of powder

required for a print job.

The RBV is also equipped with a mechanically-driven feed bed that can be enabled to

move upwards and supply powder for the layering step. This allows the machine to print

using either this feed bed system, or the built-in hopper powder dispensing mechanism of

the ExOne machine, where the powder is dispensed using an oscillating motor for each

layer. This printing process can be seen in Figure 4.2. These two methods are defined
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Feed bed Build bed

(a)

Build bedOriginal
bed volume

Feed bed Reduced bed
volume

Build bed
piston

(b)

Figure 4.1: (a) Photo of the reduced bed volume installed in the ExOne build bed, labelled

with the feed and build beds. (b) CAD model of how the reduced bed volume is mounted

into the larger ExOne build bed

by the source of powder for each new layer and are referred to as as feed bed and hopper

respectively. Refer to chapter Background for more details on the differences between these

two mechanisms. The powder used for all the printed specimens was a stainless steel 316L

alloy (Renishaw, UK) with a particle size distribution (PSD) of 15-45 um. The powder

has a spherical morphology and a PSD range with generally good flowability [22], [77].

During printing, the powder used was fresh powder blended with sieved recycled powder

from prior BJAM prints. The recycled powder was processed from the leftover powder

after depowdering parts nad was sieved with a 45 µm sieve (Hogentogler, Maryland, USA)

to keep the PSD of the blended powder within the same original PSD. The use of recycled

powder in this way is justified as the final parts have similar properties [78].

The binder used to print the specimens is the AquaFuse binder (ExOne, North Hunting-

don, PA, USA). This is a proprietary aqueous polymer binder formulation that is designed

for use with the ExOne M-Flex machine and is suitable for the SS316L powder material
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Roller

Build bed

Hopper

(a)

Printhead
Build bed

(b)

Figure 4.2: Photos of the BJAM printing process: (a) The roller is midway through spread-

ing powder over the build bed (b) The printhead is partway through jetting the calculated

geometry for this layer.

Table 4.1: Technical specifications for the ExOne M-Flex BJAM printer [76]

Build Box Dimensions 400 x 250 x 250 mm

Build Volume 25 L

Layer Height 50 - 200 µm

Print Resolution 200 dpi

Max Build Rate 1600 cm3 h−1
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Figure 4.3: The ExOne M-Flex BJAM machine

used. The binder is dispensed using a modified piezoelectric printhead (ExOne, North

Huntingdon, PA, USA) with 30 pL drop volume with a resolution of 200 dpi.

The main collection of specimens were printed using the hopper powder dispensing

mechanism as it was the more reliable method for dispensing this particular material

system. The printing parameters were held constant when printing these specimens and

are summarized in Table 4.2. However, to compare the effects of powder feeding methods, a

subset of specimen designs were also printed using the feed bed system using the parameters

in Table 4.3. Some parameters were altered to improve print reliability based on previous

experience with the custom RBV system. Note that hopper oscillation speed and hopper

traverse speed are only applicable when printing with the hopper powder dosing; otherwise,

the powder is supplied from the feed bed.
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Table 4.2: Printing parameters used to print main collection of specimens,

using the hopper for powder dispensing

Parameter Value Units

Layer Thickness 100 µm

Binder Saturation 40 %

Bed Temperature 35 ◦C

Roller Rotation speed 300 rpm

Roller Traverse speed 10 mms−1

Hopper Oscillator Speed 1800 rpm

Hopper Traverse speed 170 mms−1

Table 4.3: Printing parameters used to print a subset of specimens, using the

feed bed for powder dispensing, to test the effect of process parameters on

geometric accuracy

Parameter Value Units

Layer Thickness 100 µm

Binder Saturation 45 %

Bed Temperature 22 ◦C

Roller Rotation speed 300 rpm

Roller Traverse speed 10 mms−1
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Similarly, a subset of specimen designs were printed with the bed temperature process

parameter set to 22 ◦C to investigate the effect of that parameter on geometric accuracy

of features.

4.2 Printed orientation of specimens

Each artifact design was printed in multiple orientations to examine the effect of the

printing direction on geometric accuracy. Each orientation was defined in terms of the

machine’s axes, which are shown in Figure 4.4. For the thin wall feature artifact, it was

printed in four orientations, all keeping the walls vertical while rotating it about the Z

axis to align the length of the walls with the X, Y positive diagonal (XY), and negative

diagonal (YX) directions, as seen in Figure 4.5a. The same four orientations were used for

the thin gap feature artifact, shown in Figure 4.5b. For the vertical gap feature artifact, two

orientations were used, keeping the gap vertical and rotating the part about the Z axis to

align the length of the gap with the X or Y direction, as seen in Figure 4.6a. The through

hole feature artifacts were printed in four different orientations, two of which keep the

holes aligned vertically and aligning the overall part along the X or Y direction, and two of

which align the holes horizontally and the overall part along the X or Y direction, labelled

as shown in Figure 4.5c. The clearance cylinder artifact was printed in two orientations,

aligning the length of the part along the X or Y direction while keeping the cylinder vertical,

as seen in Figure 4.6b.
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Y

X

Powder Spreading Direction

Printhead Jetting Direction

(Feed Bed) Build Bed

Figure 4.4: The axes of the ExOne printer and how it relates to the powder spreading and

printhead jetting directions
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Y

X
Flat, X aligned Flat, Y aligned Flat, XY aligned Flat, YX aligned

(a) Thin wall feature artifact

Flat, X aligned Flat, Y aligned Flat, XY aligned Flat, YX aligned

(b) Thin gap feature artifact

Flat, X aligned Flat, Y aligned Upright, X aligned Upright, Y aligned

(c) Through hole feature artifact

Figure 4.5: The names of each orientation used to print the thin wall, thin gap, and through

hole artifacts; the red, green, and blue lines correspond to the X, Y, and Z axes of the

BJAM machine, respectively.
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Upright, X aligned Upright, Y aligned

(a) Vertical gap feature artifact

Upright, X aligned Upright, Y aligned

(b) Clearance cylinder feature artifact

Figure 4.6: The names of each orientation used to print the vertical gap and clearance

cylinder artifacts; the red, green, and blue lines correspond to the X, Y, and Z axes of the

BJAM machine, respectively.
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4.3 Build layouts

The build layouts were prepared using Cura software (Cura 5.4.0, Ultimaker, Netherlands)

[79], where all the design files were exported from the CAD software (Solidworks 2022,

Dassault Systèmes, France) in stereolithography (.stl) format and imported into Cura to

arrange within the build volume. The parts were arranged to maximize the number of

parts that can fit inside the build volume while maintaining their required orientations.

Parts were separated by a minimum of 0.5 mm spacing as a conservative estimate to ensure

that parts did not get stuck together [6]. The complete build volume was then exported

as a 3D Manufacturing Format (.3mf) file to reduce the overall file size. This file was then

transferred to the ExOne machine to start each print job.

Figure 4.7: An example of a build layout that contains thin wall, through hole, vertical

gap, and clearance cylinder artifacts in various orientations.
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4.4 Post-processing: binder curing and de-powdering

The specimens all underwent a curing process as is typical for binder jetted parts, placing

the whole bed volume into an oven (CT-333, JPW) and heating it to 180 ◦C for 12 h under

open atmospheric conditions. The parts were then cooled down to room temperature before

depowdering.

Depowdering was conducted by hand using a fine flat paint brush with polymer bristles

to brush away sufficient powder from portions of the build volume before carefully extract-

ing the fragile green parts from the loose powder. An example of such a brush is seen in

Figure 4.8, the brush is approximately 15 mm wide and each bristle is approximately 100

µm thick. Once parts were extracted from the bulk of the powder bed, depowdering of the

features and surfaces of the each specimen was carried out using the fine paint brush and

a metal hypodermic needle to dislodge as much powder as possible with minimal damage

to the specimen.

Figure 4.8: An example of a brush used to depowder the specimens in this study.

4.5 Feature measurement workflow

The measurement of the the geometric features of the specimens were carried out while

they were still in a green part state, that is, after they have been cured and depowdered but

prior to densification through sintering and any other heat treatment or post-processing.
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This was done so that the data would reflect the capabilities of the binder jetting process

on parts as they come out of the machine, without introducing additional factors that

come from shrinkage and deformation of parts during post-processing [15]. By isolating

the behaviour of how the binder jetting process translates digital CAD geometry into

physical part features, improvements can be made to the part design and printing process

independently of post-processing steps.

Additionally, work has been ongoing to develop simulation models to predict the effects

of sintering on geometric distortion with the goal of counteracting these effects by applying

an inverse transformation to the digital file prior to printing and sintering [17], [80]. A

good understanding of the geometric accuracy of green parts and the ability to correct

dimensional error that occurs during the printing stage is thus essential for a complete

workflow that can manufacture highly accurate usable parts by accounting for the effects

of each step along the process.

To analyze the specimen images, an approach based on existing optical comparator and

vision measuring machine systems was developed. The principle was to use a non-contact

measurement approach that could accurately and repeatably measure the dimensions of ge-

ometric features while minimizing operator influence. A non-contact method was required

as the green parts produced by the BJAM process were fragile and the smallest features

could not be measured using conventional methods such as a micrometer or CMM without

damaging or destroying the feature entirely. The physical force applied by such a probe

on a small contact area also easily indent the green part, affecting the measurement and

altering the specimen. A visual measurement approach promises that parts can be mea-

sured quickly, with only a single image required to collect data on all geometric features

of a specimen. Other non-contact methods such as optical 3d scanning / photogrammetry

were considered [60], however it would not be possible to accurately inspect features such
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as thin gaps or narrow holes due to the limited number of perspectives from which such

a feature could be observed and the difficulty in evenly illuminating occluded surfaces.

Another barrier to photogrammetry techniques is the reflective surface of the parts, which

cannot be mitigating using the conventional technique of a matte scanning spray as the

chemicals within such a spray dissolve the binder holding the green part together, causing

the specimen to disintegrate. X-ray CT scanning was not a cost effective option for the

number of samples that needed to be analysed.

The specimens were optically imaged using a digital microscope (VHX-700, Keyence)

with a 20x objective lens and 3.19 megapixel CMOS image sensor while lit with a ring

light from the top and with a diffuse LED backlight from underneath. This arrangement

can be seen in Figure 4.9. The purpose of the backlight was to clearly indicate which

portions of the part had been sufficiently depowdered to permit light to be transmitted

through the entire thickness of the feature and to provide an even contrasting background

to simplify the extraction of the specimen contours. Multiple images were taken to capture

the entirety of each specimen and were then stitched together to form a larger image that

contained the extents of each specimen. To reduce the effect of blurry edges from out

of focus images, focus stacking was employed to combine images taken at different focal

distances to create a composite image that kept the portions of each image that were in

focus, effectively increasing the depth of field [81]. This does introduce some error due to

the perspective view of the microscope, as the surface of the part closest to the lens will

appear larger than the bottom surface farther away, however over the constrained height

of the specimen designs (5-10 mm) this effect is negligible.
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Microscope

objective

LED Backlight
Specimen

Ring light

Figure 4.9: The setup used to capture backlit images of specimens on the Keyence VHX-

700, labelled with the backlight and specimen placement

4.6 Computer vision algorithm

Work by other researchers at using computer vision to perform metrology of additively

manufactured geometric features has proven effective [28], [65] at extracting data from

a large number of features. This previous work used algorithms written for MATLAB

[65] or ImageJ [28]. For this work, a new software package (Open-OpticalComparator)

was written in Python to process images from the optical miroscope [82]. This was mo-

tivated by the desire to have an open software framework built for optical metrology ap-

proaches that could easily be automated for batch processing of images and potentially

tailored for in-situ detection of geometric features. The code is available for download at

https://github.com/ewdyang/Open-OpticalComparator.

Having the algorithm implemented in Python also allows the use of libraries for image
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processing and scientific computing available for Python. The Open-OpticalComparator

software employed various libraries including OpenCV and scikit-image to apply computer

vision strategies to extract data on geometric features from images of parts [83], [84]. These

strategies are explained in detail below. Other libraries for loading .stl files and performing

optimization for fitting lines were also used [85]–[90].

This process is divided into three stages, the first step is to convert the raw image into

a binarized image that separates the specimen from the background. The portion of the

image containing the specimen is denoted the projection contour area. The next step is

to calculate the appropriate 2D planar cross-section of the 3D CAD file and align it with

the position of the specimen in the image so that it can be overlaid. The last step is to

crop the image to each individual geometric feature of interest and perform dimensional

measurements.

4.6.1 Part extraction and binarization

Stage 1 is the process of separating the part from the background and binarizing the image

according, which is outlined in Figure 4.10. The first step is to convert the colour image

into a grayscale equivalent. This then allows the image to be have a threshold operation

applied that sets all pixels above a certain intensity to the maximum value and the rest

to zero. The scale bar is used to calculate the scale of the image in pixels per mm and is

then covered in the image to prevent it from affect later operations. The next operation

is to apply a morphological opening operation, which removes the noise from the interior

area of the part contour. A morphological closing operation is then applied to remove

specks from the background of the image. Finally, the entire image is inverted so that the

high intensity (white) pixels with correspond to the projection contour area and the low
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intensity (black) pixels correspond to the background. This final image is a binary image,

with only 2 possible values for each pixel, either low or high which correspond to 0 and

255 (the maximum integer value used by the image data structure).

Morphological Closing Inverting

Original Grayscale Thresholding

Morphological Opening

Figure 4.10: Stage 1 of computer vision algorithm: the workflow used to isolate the speci-

men projection contour from the background, demonstrated on a thin wall specimen

4.6.2 Comparison of contour against CAD model

Stage 2 is to compare the projection contour against the CAD model file that was used

to manufacture the specimen. The goal is to identify the areas where the specimen lacks

material or is missing features, which is referred to as underprinting, and the areas where

the specimen has excess material, which is called overprinting [74]. The areas where the

specimen has material exactly as described by the CAD file is the coincident area. The

steps required for this are shown in Figure 4.11. A 2D image is produced from the 3D

CAD file by slicing the 3D geometry with a plane that has a normal that corresponds to
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the orientation of the part when it was imaged, and taking intersection of the part with

the plane. This image is scaled appropriately so that the 2D slice has the same pixel /

mm scale as the projection contour image. In order to align this sliced image with the

projection contour, the 4 corners of each area are found using a Harris corner detector

algorithm. A Euclidean transform is calculated by taking the corners from the CAD slice

image as the input and the corners in the projection contour as the destination, which

gives the necessary information to align the two images. A Euclidean transform only

involves translation and rotation so no scaling or skew factor will be applied, allowing

for an accurate one-to-one comparison. Once the two images are properly aligned, they

can be combined to give information on how the as-printed part compares to the digital

geometry. The comparison image utilizes different colours to provide a visual reference

of where the part is underprinted (red), overprinted (green), or coincident (yellow). The

underprinted area and overprinted area can be independently determined by applying a

bitwise AND operation between the inverted projection contour and non-inverted aligned

CAD slice image for the case of underprinting, or the inverted aligned CAD slice image

and the non-inverted projection contour for the case of overprinting.

4.6.3 Measured dimension and projection contour roughness from

ROI

Stage 3 of the computer vision process is to isolate the geometric features that are being

tested, as seen in Figure 4.12. The image needs to be cropped or masked to limit calcula-

tions on individual features. A region of interest (ROI) is defined for each feature within the

CAD slice. For the rectilinear features, (thin wall, gap width, and vertical gap) this ROI

is selected around the central portion of the feature, avoiding any internal corners which
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Projection Contour Corner Detection

CAD Alignment2D Slice from 3D CAD

Comparison

Underprint

Overprint

Figure 4.11: Stage 2 of computer vision algorithm: the workflow used to align the sliced

CAD image with the projection contour image, demonstrated on a thin wall specimen

have their own dimensional variability. For circular features, the whole shape is included

in the ROI. The Euclidean transform calculated in the previous stage is then applied to

the ROI coordinates so that they correspond to the positions of the correct features on the

projection contour image. These transformed ROI coordinates are used to crop the over-

print and underprint images so that a consistent region is used between features to count

the number of pixels in the overprint and underprint regions, which corresponds to their

areas. To facilitate analysis, the overprint and underprint can be expressed as a percentage

relative to the nominal area of the feature. Note that the nominal area for positive features

such as for thin walls is defined as the area where material is present, whereas the nominal

area for negative features such as through holes is defined as the area where material is

not present. The ROI coordinates are also used to crop the projection contour images to
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Reference ROI ROI transferred Cropped Analysis

Figure 4.12: Stage 3 of computer vision algorithm: the process of extracting a feature’s

region of interest and measuring geometric dimensions using a best fit approximation

calculate the measured dimension of each feature independently of the CAD file. For linear

features, a line is fitted using the arithmetic mean of the horizontal coordinates of points

along the left and right contour edge, and the distance between these two averaged lines

is taken as the measured dimension. This is expressed in Equation 4.1, where Dmeasured

is the calculated linear measurement, xRi
is the horizontal coordinate of a point i, for all

nR points on the right edge, and xLi
is the horizontal coordinate of a point j on the left

edge for all nL points on the left edge. The minimum dimension representing the largest

width that fits within the projection contour and the maximum dimension representing

the smallest width that covers the full extent of the projection contour is also determined.

This entire process is rotated as needed for vertical features.

Dmeasured =
1

nR

nR∑
i=0

xRi
− 1

nL

nL∑
j=0

xLi
(4.1)

For circular features, namely the through hole feature, the process is adapted to fit a circle

using a linear least squares optimization as described by Coope [91], and using its diameter

as the measured dimension . The minimum and maximum dimensions are taken as the

diameters of the inscribed and circumscribed circles of the contour outline.

To capture the quality of the how well the projection contour follows a fit dimension, a

metric called projection contour roughness (PCR) was formulated, as detailed in Equation
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4.2. This measure is calculated by taking the sum of the absolute distance between each

point along the edge of the contour and the its closest point on the fit line, which is then

divided by the length of the contour. This can be expressed in equation 4.2, where zi

denotes the distance to the fit line for contour point i, and there are n points along the

contour. These measurements are labelled on Figure 4.13.

PCR =
1

n

n∑
i=0

|zi| (4.2)

This measure is analogous to the Ra surface roughness measure which is commonly used

as an indicator of surface quality when discussing additively manufactured specimens. Ra

measures surface roughness by taking the arithmetic mean of the absolute value of surface

deviations from the calculated mean height [52], [92], as described in Equation 4.3, where l

is the length along which measurements are taken and z(x) is the distance from the profile

to the mean line for position x along the length.

Ra =
1

l

∫ l

0

|z(x)|dx (4.3)

The key differences is that the Ra surface roughness is intended to be applied to measure-

ment made along a single line, while PCR is calculated on a contour made by combining

the projections of all contours at each depth through the part. Due to the way the parts

are imaged, it is not possible to separate out the contour of the part at a given height slice.

Additionally, the two are differentiated by having PCR be normalized around the length

of the contour while Ra is normalized against the ideal length. Nevertheless, PCR can give

an quantitative measure of the quality of the feature, indicating whether the overall edge

of the feature is ragged or smooth.
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Figure 4.13: Labelled image of projection contour
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Chapter 5

Results and discussion

5.1 Feature printability success maps

The first metric that was examined is whether features printed successfully, to what degree

their geometry coincides with the desired CAD model, and the likelihood of successful

printing across specimens. This was done to see which features can be reliably printed

and determine the minimal designed feature size. To do this, first each feature had its

coincident percentage calculated, which is the area of the physical print coincident with

the CAD, normalized by the nominal area, as expressed in Equation 5.1. The nominal

area of a feature is defined as the area that defines the feature, which is the area with

material for a positive feature such as the thin wall, or the area without material for a

negative feature such as the thin gap. Each feature was then categorized based on its

coincident percentage, as detailed in Table 5.1. The thresholds for the Coincident% can be

customized based on tolerance to failure for printing features; the thresholds in this study
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were decided based on expert domain knowledge.

Coincident% =
Coincident Area

Nominal Area
(5.1)

The results for the thin wall feature are shown in Figure 5.1, organized by the printing

orientation and the nominal dimension of the feature. It is observed that the Flat, Y

aligned orientation was the only orientation that allowed the thinnest walls less than 0.1

mm thick to be printed. This is likely explained by the method of which the printhead

deposits binder. As the printhead moves along the Y direction, a row of nozzles jets

droplets to generate the desired part geometry cross section at that specific layer. In the

case where the wall length is aligned with the X direction, all nozzles must fire at precisely

the same time and each droplet must fall onto the powder at the same Y position in order

for a coherent feature to form. If any of the nozzles fail to jet or jets earlier/later than

the others, the resulting feature will likely be much weaker and prone to damage during

post-processing. In contrast, for walls aligned in the Y direction, a specific set of nozzles

only need to jet repeated to form a consistent coherent feature, and it is much less sensitive

to timing issues. A similar mapping can be made for the thin gap feature and can be seen

in Figure 5.2. It can be observed that for this feature, no fully successful instances are

observed. Reasons for this will be discussed further below when examining the dimensional

Table 5.1: Ranges used for categorizing degree of feature printability success

based on its Coincident%

Category Range

Fail Coincident% < 1%

Partial Success 1% < Coincident% < 75%

Success 75% < Coincident%
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1Figure 5.1: Degree of print success for thin wall features based on the Coincident%

error of this feature. The results for the vertical gap feature are captured in Figure 5.3

and Figure 5.4 for 1 and 5 mm thick gaps respectively. For the vertical gap, it is observed

that the feature with a 1 mm part thickness is more likely to print successfully compared

to the same sized feature with a 5 mm part thickness, particularly for nominal dimensions

below 0.6 mm. Because this is a negative feature, the most likely cause for a failure is

due to residual powder that is still contained in the part. The trends seen are consistent

with the behaviour that is expected when depowdering parts, as it indicates powder is

more unlikely to be fully removed from tall narrow crevices. No particular orientation is

preferred for this feature, as the dimension of interest is along the Z axis and thus the

impact of spreading or jetting direction is minimal. Overall, for 1 mm thick gaps design

features, the success threshold is observed at the nominal feature size of 0.4 mm for both

upright part orientations, along the X- and Y-directions; for 5 mm thick gaps, the 0.7 mm

threshold is observed in both orientations.
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1Figure 5.2: Degree of print success for thin gap features based on the Coincident%

The results for through hole features are in Figures 5.5 to 5.9, organized by part thick-

ness, which is the length of the through hole. The two overall trends that can be seen from

these observations is that smaller diameter holes are more likely to experiencing printing

failures and that smaller part thicknesses are more likely to print successfully. Both of these

patterns are in line with earlier results from the thin gap feature that indicate that negative

features with large aspect ratios, such as long narrow holes, will not be fully depowdered

and suffer from issues. In conjunction with depowdering issues, another explanation is

that the effect of under-cured binder due to excessive saturation or insufficient heating is

more pronounced at lower layers of a part, as observed by Miyanaji et al [93], [94]. The

additional weight of the upper layers causes the additional binder that accumulates in that

portion of the part to penetrate to the lower layers, increasing dimensional error as the

binder migrates towards areas of lower binder saturation.
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1Figure 5.6: Degree of print success for through hole features with part thickness of 2 mm
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1Figure 5.7: Degree of print success for through hole features with part thickness of 3 mm
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1Figure 5.8: Degree of print success for through hole features with part thickness of 4 mm
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1Figure 5.9: Degree of print success for through hole features with part thickness of 5 mm
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5.2 Measured dimension and error

The next part of the analysis examined the measured dimension for each feature. This

is the key part of the feature that will inform whether any adjustments should be made

to designed parts prior to printing in order for them to have the desired dimension fi-

delity once manufactured. The measured dimension can be converted to a dimensional

error following Equation 5.2, where E is the dimensional error, Dmeasured is the measured

dimension calculated using the method in section: Measured dimension and projection

contour roughness from ROI, and Dnominal is the nominal dimension that was used in the

design file, described in chapter: Artifact design.

E = Dmeasured −Dnominal (5.2)

In many cases, this adjustment can be a single offset constant that is added to critical

dimensions to over/under size to counteract the error during manufacturing. This is only

possible if the offset is consistent across the same feature printed multiple times. The

adjustment could also be expressed as a function of the nominal dimensions, acting as a

scaling factor that is dependent on the size of the geometry being printed. Linear regression

was applied to determine whether the adjustment should be expressed as a constant offset

or as a scaling factor. A constant offset can be desirable as it is simple to apply in practice

and can be reasonably extrapolated to larger feature sizes, whereas a scaling factor can

be automatically applied to the design prior to printing but can be prone to errors when

extrapolated too far.

The thin wall features are analyzed to determine whether this error is dependent on the

nominal dimension of the feature being printed. All thin wall features were printed with a

constant part thickness of 5 mm. Figure 5.10 shows the relationship between the measured

dimension, as described in Equation 4.1, of the part compared to the nominal designed
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dimension used in the CAD model file. As expected, the two are correlated, however

there is a positive offset from the ideal line which represents what would be seen if the

manufactured parts were perfectly accurate. It is also observed that the orientation does

not affect the dimension offset of this feature. Given that the slope of the points is roughly

the same as the slope of the ideal line, it can also be inferred that the nominal dimension

does not scale the dimensional error, rather it results in a constant offset. Indeed, these
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1Figure 5.10: Measured dimension of thin wall features as calculated using Equation 4.1

plotted against their nominal dimension, categorized by orientation

relationships can be more clearly seen when looking at just dimensional error for these same

specimens, compared against nominal dimension as seen in Figure 5.11. These observations

were confirmed using a linear regression to test the significance of orientation and nominal

dimension as regressors for measured error at (p < 0.05). So, for a thin wall feature,

dimensional error can be modeled as a constant value independent of nominal dimension

or orientation and has been calculated to be Etw = 0.329 mm, σ = 0.082 mm.
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A constant value for dimensional error is consistent with the working method of binder

jetting, as the geometry is defined by the portions of powder that are held together with

binder deposited during the printing process. As each droplet of binder is deposited onto

the surface of the powder bed, the binder infiltrates the porous powder bed, spreading both

laterally along the X-Y plane and penetrating downwards in the Z direction. As reported

by Bai et al. the lateral spreading of binder in a powder bed is roughly three times greater

than the penetration depth [95]. Given that the measured dimensions of these features

are strictly on the X-Y plane, this lateral spreading is the dominant cause of dimensional

error. The saturation value from the process parameters determines the quantity of binder

that is dispensed per area, which in turn affects the distance that each drop spreads upon

contact with the powder bed. If this saturation value is too high and the heat lamp is not

able to mitigate the excess water content via evaporation, then the excess binder liquid

will spread further than expected, causing the shape of the specimen to expand outwards

[67], [94]. Indeed, it was observed by Miyanaji et al. that geometric fidelity in the X-Y

plane was significantly affected by binder saturation [93]. This effect is most apparent

along the edges of the part, but is likely not affected by excess binder within the interior of

the part, as the binder cannot easily migrate large distances. Therefore, for constant part

thickness, this outwards expansion is not dependent on the nominal size of the geometric

feature (thin wall dimension) and is primarily driven by the behaviour of the binder at the

edge of the part, which can be described by the constant dimension error found above. If

the part thickness is increased, the calculated error is expected to be different, as hinted

by the results captured in in Figures 5.5 to 5.9.

For the thin gap feature, the same approach can be taken as for the thin wall feature,

as can be seen in Figure 5.12. The data follows the same patterns, with the only difference

being that the error is now negative rather than positive, as seen in Figure 5.13, showing a
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1Figure 5.11: Dimensional error of thin wall features as calculated using Equation 5.2 plotted

against their nominal dimension, categorized by orientation

propensity of thin gaps to be undersized, while the material surrounding them is oversized.

This is due to the thin gap feature being a negative feature, thus the tendency of the

binder jetting process to produce parts with excess material due to binder imbibition leads

to oversized positive features and undersized negative features. The dimensional error for

this feature was found to be Etg = −0.366 mm, σ = 0.079 mm.

Examining the vertical gap feature class, the features were printed with different part

thicknesses (1 mm and 5 mm), which must also be considered as a possible regressor for the

dimensional error. The part thickness is the thickness of the part that includes the feature,

as measured orthogonal to the nominal dimension. As with the thin wall and thin gap

features, the features have dimensions correlated to nominal dimension, shown in Figure

5.14. The effect of thickness on error can be seen in Figure 5.15. A stepwise regression

technique was used to build a model that accounted for variables with significant effects
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1Figure 5.12: Measured dimension of thin gap features as calculated using Equation 4.1

plotted against their nominal dimension, categorized by orientation

[96]. This results in the model shown in Figure 5.16, where it was determined that the

part thickness and nominal dimension are the relevant factors that determine the degree of

dimensional error and orientation does not play a significant role in the geometric accuracy

of this feature.

In this case, the error is dependent on the nominal dimension of the feature and the

part thickness, as can be described by Equation 5.3, where Evg is the dimensional error,

tfeature is the part thickness and dfeature is the nominal dimension of the feature, all in mm.

It is notable that the error model for this feature predicts zero error for a certain nominal

dimension for a given part thickness.

Evg = −0.0356 tfeature + 0.1532 dfeature − 0.0439 (5.3)
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1Figure 5.13: Dimensional error of thin gap features as calculated using Equation 5.2 plotted

against their nominal dimension, categorized by orientation

Finally, looking at the through hole feature, when lumping all the different part thick-

ness levels into a single data set, no clear relationship between dimensional error and

nominal dimension can be seen in Figure 5.17. Reorganizing the data to lump by nominal

dimension reveals that the dimensional error is dependent on part thickness and orienta-

tion, as seen in Figure 5.18, where the error tends to globally increase as the part thickness

increases, while keeping the through hole nominal dimension constant. These trends can

be separately seen in Figure 5.19 where the effect of orientation is quantified, with parts

printed in the ”Flat, Y aligned” orientation having the worst performance and 5.20 where

the effect of thickness indicates that the higher the thickness, the greater chance of oc-

clusion of small features. The results for through hole features at different part thickness

are combined into a linear regression as seen in Figure 5.21. The model is expressed in

Equation 5.4, where tfeature is the part thickness, and Oorientation represents the indicator
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variable for each given orientation, taking the Flat, X aligned orientation as the default

condition. This linear regression model can now be applied to determine appropriate com-

pensation factors to improve geometric accuracy of through hole features, a process which

will be discussed further in Section 5.7. The effect of orientation on curved surfaces such

as holes has been discussed with respect to the stair stepping effect, where the layer-wise

nature of BJAM can limit the resolution of curves in certain orientations, particularly when

trying to reproduce a shallow slope relative to the X-Y plane [97].

Eth = −0.0485 dfeature − 0.0728 OFlat,Y + 0.0627 OUp,X + 0.1097 OUp,Y − 0.2087 (5.4)

For the through hole feature, there appears to be a difference in the Flat, X aligned and

Flat, Y aligned orientations for the dimensional error. This is unusual as the hole feature

should be equally affected by the powder spreading and printhead jetting directions in

these two orientations. Looking at the way these parts were printed in the build volume,

a confounding factor was discovered in that the specimens in the Flat, Y orientation were

printed on the bottom layer of the print volume whereas the Flat, X orientation specimens

were printed above on the upper layer. This may explain the difference in dimensional

accuracy observed in Figure 5.22. One cause may be the printing parameters for the binder

jetting machine which automatically attempts to compensate for excess bider on the initial

layers of the print by reducing the saturation for the first few layers. Since it is theorized

that binder saturation [66] is largely responsible for the geometric accuracy of printed

parts, this is a plausible explanation. Additionally, the effect of the heater on the overall

increase in powder bed temperature as the layers are stacked can be a compounding factor

in the amount of binder evaporation, thus influencing dimensional fidelity [94]. More work

should be carried out to examine the effect of placement within the print volume and effect

of heater power on specimen dimensional accuracy, as this appears to be an influencing

factor.
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Figure 5.14: Measured dimension of vertical gap features as calculated by Equation 4.1,

plotted against their nominal dimension, categorized by orientation, for part thickness: (a)

1 mm; and (b) 5 mm.
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1Figure 5.15: Dimensional error of vertical gap features for all orientations, as calculated

using Equation 5.2, plotted against their nominal dimension, categorized by part thickness.
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1Figure 5.16: Dimensional error of vertical gap features for all orientations, plotted against

their nominal dimension, categorized by part thickness. Error bars correspond to 95%

confidence interval and the lines represent the linear regression evaluated for each part

thickness.
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1Figure 5.17: Dimensional error of through hole features for all orientations, as calculated

using Equation 5.2, plotted against their nominal dimension, categorized by part thickness
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culated using Equation 5.2, plotted against their part thickness, categorized by orientation
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and nominal dimensions of through hole features as calculated using Equation 5.2. Error

bars correspond to 95% confidence interval.
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1Figure 5.20: Effect of part thickness on dimensional error averaged across all orientations

and nominal dimensions of through hole features as calculated using Equation 5.2. Error

bars correspond to 95% confidence interval.
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1Figure 5.21: Dimensional error of through hole features for all nominal dimensions, plotted

against their part thickness, categorized by orientation. Error bars correspond to 95%

confidence interval and the lines represent the linear regression evaluated for each part

thickness.
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Figure 5.22: The build layout used to print a subset of through hole specimens, where

the parts with ”Flat, X aligned” orientations are stacked on top of the ones with ”Flat, Y

aligned” orientations, with sufficient vertical clearance.
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5.3 Overprint and underprint areas

Underprint was rarely observed for all geometric features observed in this study. This is

consistent with the observation that most parts have been experiencing excessive material,

with larger dimensions for positive features and smaller dimensions for negative features

respectively. One instance of severe underprint was observed in the data, but with closer

examination of the underlying parts revealed that the underprint was being falsely mea-

sured due to a print that was warped and thus was not being correctly aligned with the

sliced CAD image during the computer vision process. The comparison of this part with

the CAD can be seen in Figure 5.23a. Despite a good alignment with the four corners of

the part, the bottom edge of the part is bowed and can be seen deviating from the ideal

line from the sliced CAD image. This misalignment is what led to a higher apparent un-

derprint area despite not actually having significant underprinting issues. It can be noted

that this is a drawback of the computer vision approach that will need to be considered in

future work to either mitigate or avoid this.

The warping is likely to have been caused by the friction between the side of the

build chamber and the powder bed as it moves downwards, as visualized in Figure 5.24.

The powder that is contact with the wall will experience friction that opposes movement,

causing an uneven movement of powder that results in this warping. Thus, the distance

from the side of the print volume is also an important consideration when preparing parts

for printing.

Overprint gives more information about the quality of parts once they are printed.

From the earlier section, it is understood that the measured dimension of a part will be

offset from the designed nominal dimension of the part. The overprint can be used to

examine more closely how these enlarged dimensions affect the quality of the printed part.
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(a) (b)

Figure 5.23: Warping observations in a through hole feature specimen. (a) Warping seen

with through hole specimen, the top and bottom edges do not align with the CAD model

and have overprint and underprint resepectively. (b) Amplified contour of warping be-

haviour seen along bottom edge of part in (a), where the part contour curves upwards and

does not follow the designed straight edge

For thin wall and thin gap features, no significant relationship between overprint and

nominal dimension or orientation could be determined through linear regression; rather, a

constant offset can be applied to these features. This is consistent with the remarks made

when examining dimensional error, as the saturation of the binder causes a constant amount

of imbibition along the straight edge of the feature for parts with constant thickness. It

is hypothesized that for parts with a greater part thickness, they may experience greater

overprint due higher likelihood of binder spreading further out at some point as the part

is printed. Because overprint is measured in this work from a two-dimensional flattening

of a part, compounding the cross-sectional area though the height of the part, any excess

material at each layer height can contribute to overprint. Given a large enough part

thickness, it is expected that this overprint measure will plateau at a maximum as the

stochastic behaviour of binder spreading reaches its limit and the binder cannot spread

any further away from the edge.
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Figure 5.24: Exaggerated view of how part proximity to build volume wall during printing

can lead to warping, where the arrows represent the forces acting on the powder bed as

the build bed moves down

With regards to the through hole feature printed at different part thickness levels, a

linear regression indicated that nominal dimension, orientation, and part thickness are all

significant regressors for the square root of overprint area. This transformation for the

overprint area was determined to have a good fit for the data. This regression is expressed

in Equation 5.5, where Aop is the overprint area in mm2, tfeature is the part thickness,

dfeature is the nominal dimension, and Oorientation represents the indicator variable for each

given orientation, taking the Flat, X aligned orientation as the default condition.

√
Aop = 0.0561 tfeature+0.2885 dfeature+0.0793OFlat,Y−0.0657OUp,X−0.1133OUp,Y+0.2431

(5.5)

The square root transformation suggests that the overprint area scales non-linearly with

the variables examined. If a compensation factor is desired for through hole features to

increase geometric fidelity, then Equation 5.4 stated earlier is recommended as a starting

point and Equation 5.5 can be used afterwards to predict the amount of overprint and check

if it would be acceptable. It is theorized that the relationship to nominal dimension is due

to the overprint being proportional to the total edge perimeter that forms the feature, and
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for the case of a through hole, the perimeter of the hole is proportional to its diameter.

Another explanation for this is due to the increased curvature of small diameter holes,

this reduces the effectiveness of depowdering as powder is more likely to get stuck as the

nominal dimension decreases. A similar effect was observed in other studies, where internal

corners that were in sharp in design became rounded once printed [6].

5.4 Projection contour roughness

No significant correlation was found between projection contour roughness and nominal

dimension, orientation, or part thickness for thin wall, thin gap, vertical gap, or through

hole features. A full linear correlation with all possible regressors and their interaction

effects was performed for each partial or fully successful feature and their R2 values are

tabulated in Table 5.2 [96]. As indicated by their low R2 values, these models are poor fits

for the data. Other transformations also did not yield any significant relationships to the

data.

Table 5.2: Table containing the goodness of fit as calculated using R2 for each

full linear regression used to try modelling projection contour roughness of

each feature.

Feature type R2

Thin wall 0.440

Thin gap 0.573

Vertical gap 0.272

Through hole 0.286
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This measure is highly dependent on the roughness of the edges of features, which in

turn is largely driven by the powder characteristics. This is apparent when looking at

Figure 5.25, where the variations at the edge of the feature are on the same scale as the

powder diameter. This observation indicates that this measure may not be a good metric

for comparing feature quality for green binder jetted parts that have been manufactured

using the same powder feedstock. It is possible that this metric can provide insights when

comparing parts made from different powder materials or sizes. This measure is also worth

considering as a method of comparing the change in roughness after densification of fully

sintered parts to green parts.

Figure 5.25: Close-up view of a through hole feature showing the powder along the edges

of the parts and how projection contour roughness is determined by the number and size

of powder agglomerations.
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5.5 Clearance between solid volumes

The clearance cylinder artifacts reveal some information about the minimum clearance

required between parts that are designed to be separable. The inner cylinders were at-

tempted to be removed during the depowdering process, using gentle force. Figure 5.26

shows one of the specimens with its cylinders removed. This type of study is important in

determining the appropriate clearance between two volumes in assemblies.

Figure 5.26: Clearance cylinder printed specimen

Figure 5.27 maps out the successful features, where success is defined as the cylinder

being able to be removed from the outer wall after depowdering. A clearance of 0.4 mm is

identified as the minimum clearance for being able to separate parts after printing, which

is greater than the value reported by Blunk and Seibel for similar geometry [6]. One reason

for this discrepency may be the effect of part thickness, the height of the cylinder in this
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case, which has an effect on which clearances are successful. Intuitively, this makes sense

as the difficulty of powder removal from a gap increases with depth, which determines if

the cylinder can be removed. Given that the part thickness used by Blunk and Seibel is not

reported, this could be a possible explanation. Referring back to the earlier results on thin

gap features in Figure 5.2, it was seen that partial success was only possible down to a 0.7

mm gap. This difference is because for the clearance cylinders to move, full depowdering

of the space between the cylinder and the wall is not required. There only needs to be

sufficient powder removed to reduce the friction between the cylinder and the wall.

Considering now the effect of overprint, as observed in the thin wall and thin gap

features, the external hole should be smaller and the internal cylinder should be larger,

reducing the effective clearance between the two. Applying the values found for thin

wall and thin gap as a reasonable estimate of overprint for this feature, the diameter

of the cylinder would be approximately 0.3 mm oversized and the hole diameter would

be approximately 0.3 mm undersized. The clearance is defined as the designed distance

between the cylinder and the hole, so when referencing the CAD model, the difference in

diameter between the cylinder and the hole is double the chosen clearance value. So a

minimum clearance of at least 0.3 mm is expected. The actual value was noted as being

0.7 mm, which is consistent with the need for slightly more clearance than just accounting

for overprint when working with powder-based AM technologies as observed by Allison et

al. [65].
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Figure 5.27: Heatmap depicting the success of removing a cylinder feature from a hole

with a given clearance between the concentric surfaces and a given cylinder height (part

thickness).

5.6 Effect of process parameters

Looking first at the effect of bed temperature on the thin gap width feature, Figure 5.28a

can be compared to Figure 5.28b. The results are similar, with some orientations perform-

ing better with higher bed temperatures and some orientations performing worse. It is

important to note that insufficient bed heating will lead to a loss of accuracy, as binder

that is not adequately heated on each layer will continue to permeate and eventually cause

significant geometric deviation and overall print quality issues such as increased overprint,

poor surface roughness, and/or blobs of powder on the bottom and sides of the part, [97]–

[99]. Indeed, that is what is observed in Figure 5.29, where the lower temperature prints

have a higher dimensional error. An example of a part that suffered a complete failure due

79



to inadequate heating and binder evaporation is shown in Figure 5.30. It is also noted in

the literature that excessive heating can cure the binder too quickly and prevent it from

permeating sufficiently to form a single cohesive part [93], so simply increasing the heat-

ing powder to the maximum possible power is not likely to lead to good part quality.

Comparing the results from the main collection of specimens with those printed using the

hopper configuration and lower bed temperature, the thin wall specimen was also printed

on the feed bed configuration in all orientations. These results can be seen in Figure 5.31.

There appears to be slight variation in the successful printing of 0.1 mm thin walls, but

overall the two sets of outcomes are similar. Looking at the dimensional error of these

thin wall features, the printing configuration and bed temperature does not seem to have a

significant effect on that either, as seen in Figure 5.32. It is quite possible to suggest that

the effects of printing configuration and bed temperature do not have a chance to show

a predominant effect for parts with the same (short) thickness and with an orientation

where the part thickness is always in the same Z-direction. Further work should be done

to investigate these effects in detail.

Looking now at the through hole feature specimens printed using the feed bed vs. the

hopper system, with performance captured in Figure 5.33a and Figure 5.33b, the results

indicate that small holes less than 1.2 mm printed using the feed bed are more likely to

fail than those printed with the hopper. The dimensional accuracy of these features is also

significantly lower when printed using the feed bed as seen in Figure 5.34. This suggests

that the machine configuration setup for supplying powder may have an effect on through

holes, which is a negative feature, in contrast with thin walls which is a positive feature.

This may be caused by the difference in powder bed density and how that interplays with

the binder saturation and bed heating between the two configurations; these findings open

up new research opportunities to study the root cause of this phenomenon.
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(a) Success rate for thin gap features printed with main bed temperature
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Figure 5.28: Degree of success for printing thin gap features as categorized by Coinci-

dent%, split by bed temperature used during printing (a) specimens printed as part of

main collection, with bed temperature set to 35 ◦C (b) specimens printed at an alternate

bed temperature of 22 ◦C 81
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interval.

Figure 5.30: Oversaturation of thin gap specimen due to inadequate heating and binder

evaporation, causing lumpy surfaces and poor geometric fidelity.

82



0
.0
5

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1
.0

Nominal Dimension [mm]

Flat, X aligned

Flat, Y aligned

Flat, XY aligned

Flat, YX aligned

O
ri
en
ta
ti
on

Feed Bed

Fail Partial Success Success

1
(a)

0
.0
5

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1
.0

Nominal Dimension [mm]

Flat, X aligned

Flat, Y aligned

Flat, XY aligned

Flat, YX aligned

O
ri
en
ta
ti
on

Hopper

Fail Partial Success Success

1
(b)

Figure 5.31: Degree of success for thin wall features based on the Coincident%, printed

with powder supplied by (a) feed bed or; (b) hopper.
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confidence interval.
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Figure 5.33: Heatmap depicting the success ratio for through hole features averaged across

different part thicknesses. The colour represents the ratio of number of features successfully

printed, averaged across all part thicknesses, with the ratio ranging from 0 to 1 as indicated

by the colour bar. This is for orientations of (a) Flat, X aligned and; (b) Flat, Y aligned
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represent 95% confidence interval.
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5.7 Proposed design rules

All of the trends and observations made in this chapter are useful for stating formal de-

sign rules that can be applied in practice when designing parts for BJAM. In the spirit

of moving from design fundamentals to design rules, as described by Manesh et al. [1],

the observations made earlier in this chapter will be codified as explicit relationships be-

tween feature type, feature dimension, part thickness, feature orientation, print success,

dimensional error, clearance, and/or printing parameters. Based on the linear regressions

performed on dimensional error, these design rules can be used to counteract the error by

undersizing features at the design stage in order to achieve greater part accuracy [68]. All

these design rules are limited to stainless steel 316L with spherical morphology and pow-

der size distribution of 15-45 µm, printed on an ExOne M-Flex BJAM printer, using the

specific process parameters described in Table 4.2. What is important is to propose design

artefacts and methodologies to develop these regressions to help standardize reporting on

dimensional fidelity and tune compensation to improve dimensional accuracy across ma-

terials and BJAM technology classes. This work was a demonstration of such a workflow.

The descriptions below provide an overview of the design rules, and Figure 5.35 and Figure

5.36 shows a more detailed list of design rules in graphical format.

5.7.1 Thin walls

For the experimental conditions described in this study, thin walls should be designed with a

minimum 0.3 mm thickness if printing in any orientation where the walls are perpendicular

to the build bed. Thin walls with a minimum thickness of 0.05 mm may be used if oriented

so that the walls are parallel to the direction of printhead jetting, such as the specimens

printed in the ”Flat, Y aligned” orientation.
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The thickness of thin walls should be decreased by 0.33 mm to improve the dimensional

fidelity in printing. This design rule combined with the design rule describing the minimum

width of thin walls as described in the previous paragraph means that the minimum wall

size that can be consistently printed in practice will measure roughly 0.6 mm in thickness

across different orientations.

5.7.2 Thin gaps and vertical gaps

Long thin gaps with a depth of 5 mm should be designed with a minimum 0.7 mm width

if printing in any orientation. If printing so that the gap is purely along the Z-axis, a

minimum width of 0.4 mm may be used. If the gap is purely along the Z-axis and the

depth of the gap is 1 mm, then a minimum width of 0.2 mm may be used.

The width of gaps along the X or Y axes should be increased by 0.37 mm to improve the

dimensional fidelity in printing. If the gap is along the Z axis, then Equation 5.3 should

be applied to calculate the appropriate compensation. This design rule combined with

the design rule describing the minimum width of thin gaps as described in the previous

paragraph means that the minimum gap width that can be printed along the X or Y axes

will measure roughly 0.3 mm in width.

5.7.3 Through holes

Circular through holes with a depth of 1 mm should be designed with a minimum 0.5 mm

diameter if printing in any orientation. If printing through holes with a depth of 5 mm, a

minimum diameter of 0.8 mm should be used. More specific tables for intermediate part

thicknesses can be found in Figures 5.5 - 5.9.
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The diameter of through holes along the Z axis should be increased by 0.39 mm to

increase the dimensional fidelity in printing. If the gap is along the X axis, then it should be

increased by 0.35 mm and if along the Y axis, 0.25 mm. More precise compensation values

can be calculated using Equation 5.4 and should be applied to calculate the appropriate

compensation. This design rule combined with the previous one means that the minimum

hole diameter that can be printed in any orientation with a depth of 5 mm will measure

roughly 0.6 mm in width.

5.7.4 Clearance

Parts that are intended to be separated after printing should be separated by at least a

minimum clearance of 0.4 mm in the X and Y axes. This clearance is dependent on the

depth of the parts and Figure 5.27 can referenced for more details.
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Y

X

Z
1.1 For a thin wall that is X aligned and 5 mm high, 
dimension D must satisfy the constraint: D ≥ 0.3 mm

D

Y

X

Z
1.2 For a thin wall that is Y aligned and 5 mm high, 
dimension D must satisfy the constraint: D ≥ 0.05 mm

D

Y

X

Z
2.1 For a thin gap feature that is X aligned and 5 mm deep, 
dimension D must satisfy the constraint: D ≥ 0.7 mm

D

Y

X

Z
2.2 For a thin gap feature that is Y aligned and 5 mm deep, 
dimension D must satisfy the constraint: D ≥ 0.8 mm

D

Y

X

Z
3.1 For a vertical gap that is X aligned and 1 mm thick, 
dimension D must satisfy the constraint: D ≥ 0.2 mm

D

Y

X

Z
3.2 For a vertical gap that is Y aligned and 1 mm thick, 
dimension D must satisfy the constraint: D ≥ 0.1 mm

D

Y

X

Z
3.3 For a vertical gap that is X aligned and 5 mm thick, 
dimension D must satisfy the constraint: D ≥ 0.3 mm

D

Y

X

Z
3.4 For a vertical gap that is Y aligned and 5 mm thick, 
dimension D must satisfy the constraint: D ≥ 0.3 mm

D

Figure 5.35: Proposed design rule table for thin walls, thin gaps, and vertical gaps, with

graphical representations of each feature type and their orientation.
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Y

X

Z

For a through hole feature that is along the X axis, 
diameter D must satisfy the constraint:
4.1 if part thickness is 1 mm: D1 ≥ 0.5 mm
4.2 if part thickness is 5 mm: D5 ≥ 0.8 mm

D1

D5

Y

X

Z
D1

D5

For a through hole feature that is along the Y axis, 
diameter D must satisfy the constraint:
4.3 if part thickness is 1 mm: D1 ≥ 0.3 mm
4.4 if part thickness is 5 mm: D5 ≥ 0.8 mm

For a through hole feature that is along the Z axis, 
diameter D must satisfy the constraint:
4.5 if part thickness is 1 mm: D1 ≥ 0.6 mm
4.6 if part thickness is 5 mm: D5 ≥ 1.0 mm

For a cylindrical feature to be separated, clearance C 
must satisfy the constraint:
5.1 if the height of cylinder is 5 mm: C ≥ 0.4 mm
5.2 if the height of cylinder is 10 mm: C ≥ 0.5 mm

Y

X

Z

Y

X

Z

D1

D5

C

Figure 5.36: Proposed design rule table for through holes and clearances, with graphical

representations of each feature type and their orientation.
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Chapter 6

Conclusion

This work presented a workflow for developing design rules for an AM process based on

design artifacts that are printed in multiple conditions, that are then analysed using a

standardized computer vision workflow. This workflow is a fast and consistent method

for collecting the data required to quantify dimensional defects and could be expanded to

a variety of geometries and processes, provided that the the design artifacts test limiting

design features that are relevant for the AM technology class under invesitgation. The

workflow presented here describes a set of artifacts designed particularly to test BJAM. This

workflow was then demonstrated to develop a set of design rules for binder jetting additive

manufacturing under a specific set of process parameters to determine the behaviour of thin

walls, gaps, and through holes. Clearances were investigated using a separate approach to

augment the coverage of the design rules.

In the process of developing the design rules, several observations were made about

the printability of certain classes of features and their dimensional error. Relationships

between dimensional error and nominal dimension, feature orientation, and/or feature
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thickness were found using linear regression for these features. Additional experiments

hinted at the possible effects of powder dispensing configurations (hopper versus feed bed),

bed temperature, and binder saturation on feature printability success and dimensional

fidelity error; opportunities for further work were identified to understand those effects.

These design rules can now be applied to a variety of designs within this material

and process parameter specification, allowing designers to adapt and compensate their

geometries for BJAM to ensure successful printing and good dimensional fidelity by apply-

ing offsets to features. Furthermore, the workflow can be applied if the material and/or

printing conditions are changed to devise the design rules under such conditions.

6.1 Limitations of this work

This work is subject to a number of limitations, both inherent to the scope that was cho-

sen and experimental limitations. The printing of specimens was affected by a number of

manufacturing challenges, including a malfunctioning roller motor, mechanical jamming

of the build bed, inconsistent powder dispensing from the hopper, incorrectly aligned bed

temperature sensors, and variations in printhead droplet volume. Another challenge of this

work was that the printing parameters were not optimized prior to starting the experimen-

tal runs, meaning that the proposed design rules are subject to change if an improved set

of parameters are found. Samples that did not have identical machine printing conditions

(outside of the parameters of interest) were not included in this study. Depowdering is also

subject to operator influence, a different set of outcomes may have been measured if the

skill and experience of the operator was different. The value of this work is in the workflow

that is described and in the development of design rules within defined boundaries.
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6.2 Future work

Many areas exist to expand or adapt the work that was carried out in this thesis. One ap-

plication is to use the workflow to collect further experimental data to build a full process

map for binder jetting additive manufacturing across material classes, for process parame-

ters that have been optimized to yield the best green part density outcome. Furthermore,

using the current set of features but expanding to angled orientations, other thicknesses,

and changing the length of features would provide useful information to further specify the

design rules proposed in this work. Other work needed for a full process mapping would

include expanding to other geometric features such as edges, fillets, and blind holes. Print-

ing repeated copies of specimens would also validate the repeatability of the observations

and could also be used to track whether the performance of the machine changes over time

and usage. The work flow and resulting process performance maps could also be used in

process parameter optimization and refinement to target dimensional fidelity and green

part density in tandem; in particular, the layer thickness, bed temperature, binder satu-

ration, and printing configuration are of importance. Expanding this knowledge to other

material classes and powder size distributions would also prove useful for users seeking to

design parts for biomedical and electromagnetic applications of BJAM.

This workflow is also suitable to be used in conjunction with testing of mechanical

properties such as tensile strength or density to perform a holistic process parameter opti-

mization, from green part density, to geometric fidelity, to mechanical properties, for both

existing and novel materials. The workflow could also be used in benchmarking perfor-

mance drift across machines or over time on the same machine.

Another way this work can be expanded is by looking at the computer vision algorithm

within the workflow. At the moment, it is a useful but limited tool that could be improved
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in many ways. This could include increasing the robustness of the contour registration,

automating the selection of certain function parameters, and even expanding its utility

by integrating it into in-situ monitoring of the printing process to extract layer-by-layer

geometric fidelity data. Application of machine learning techniques to analyse the images

also holds promise and could also provide a useful source of data for training models to

predict printability and geometric compensation factors [100].

Looking more broadly at the topic of geometric fidelity of BJAM, the workflow pre-

sented here could also be applied to understanding the effects of post-processing on green

parts. The specimens printed as part of this thesis can be sintered to expand design rules to

include sintering and develop a new model for compensation factors to offset deformation

occuring during sintering. Currently, work exists on predicting the shrinkage behaviour

of parts after undergo sintering, however optical dilatometry presents a source of in-situ

image data that could be used to further understand the geometric behaviour of parts as

they are sintered [80].
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Letters of Copyright Permission

Figure 2.4 is reproduced under license from Elsevier, see Figure 6.1 for a copy of the letter

confirming the license order [48].

Figure 6.1: Letter confirming the license to reproduce Figure 2.4
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Figure 2.5 is reproduced from a report published by the National Institute of Standards

and Technology (NIST) which is in the public domain [54].

Figure 2.6 is reproduced with permission from TNO, Netherlands, see Figure 6.2 for a

copy of the letter granting permission [55].

Figure 6.2: Letter granting appropriate permission to reproduce Figure 2.6
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